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which has fallen as rain on higher-Iving land, and which was lost and

“The supply of water produced by fountains tells not only of water

buried, but has been raised agamn from the grave, as living water
restored to man for use - but it awakens a suspicion that much more
has been interred to await a resurrection by other means - or to
remain for ages in the depihs of the earth, until by some grear
comvulsion the fountains of the great deep be broken up; and much, it
may be, to escape by an underground course 1o the sea. which never
savs - ‘It is enough!”’

In
Water Supply of South Africa and Facilities for the Storage of It

compiled by John Croumbie Brown (1877)
formerly Government Botanmist at the Cape of Good Hope, and

L Professor of Botany in the South African College. Cape Town j
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Part 1 Introcuction and Background

Preface

Groundwater by its very nature will always remain
with some aura of mystery. However. vision, good
science and responsible advocacy can go a long way
to tum this around.

This is exactly what happened over the last few
years for groundwater found in the Table Mountain
Group aquifers. | am thrilled that | could play a
little part in spreading the message of the “hidden
treasure” with my speech at the November 2000
Congress of the International Association of
Hydrogeologists in Cape Town. A year later | remain
convinced that this unigue water resource of the
southern and western Cape will offer unique
solutions to the growing water problems of this
area,

But many uncertainties remain, considering that
we want to move groundwater exploration in this
country an order of magnitude deeper, from 100 m
to 1 000 m. A major challenge in the utilisation of
this resource 15 that we want (o maintain the
natural harmony of water and vegetation in our
treasured Cape mountain ecosystem. Leaps of faith
will be required, underpinned by the best possible
science,

I am therefore very encouraged to see the
scientific community sharing their knowledge and

Romvie, Kanride

(signed)
Mr Ronnie Kasrils
Minister of Water Affairs and Forestry

experience in this synthesis of the Hydrogeology of
the Table Mountain Group groundwater. The role
of the Water Rescarch Commission and of the
Department of Water Affairs and Forestry must
obviously be acknowledged in initlating. guiding and
supporting much of the research as well as the co-
ordination to this. At the same time the Cape Metro-
politan Council took the leap of faith to invest
substantially in a feasibility study of this source
as potential bulk water supply for Cape Town. They
could not have hoped for a better scientific platform
and & more ready core of South African hydrogeolo-
gists to become modern ploneers in search of the
deep hidden treasure.

Greater potential rewards such as what we wish
1o achieve here, are usually assoctated with greater
risk. Therefore, it is essential that research and
development work is stepped up to reduce the risks
related to TMG groundwater development and | am
happy to see that the Water Rescarch Commission
has already initlated a new phase of research. |
believe that such supporting rescarch Investment,
with particular locus on Integrated Water Resource
Management, could have benefits far beyond the
Cape. In fact, | see that this undertaking could
produce outputs of global significance.
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The Need for Appropriate Research of the Table
Mountain Group Aquifer Systems

K Pietersen'* and R Parsons?
' Water Research Commission, PO Box 824, Pretorta OO0 1, South Africa
“ Parsons and Assoctates, PO Box 2606, Somerset West 7129, South Africa

Abstract

The Table Mountaln Group (TMG) aquifer system s exposed along the west and south coasts of
South Africa. It has the potential to be a major source of water to these reglons. To realise this
povential, many uncertaintles and barrters need 10 be overcome, including: understanding of the
occurrence. attributes and dynamics of TMG Aquiler systems; lack of understanding of environmenial
impact of exploltation: and uncertainties abouwl how best 0 manage the resource within a meldi
objective envtronment. Research within a mulit disciptinary environment (s thus needed to find
appropricle answers 1o questions concerming the water resource potentsal and optimal management
of TMG Aquidfers, in the interest of furthering integrated water resource management ire the region.

Introduction

The Water Research Commission (WRC) s a statu-
tory body. mandated to find appropriate solutions
to the water management challenges in South Af
rica. Groundwater is an important rescarch field in
the WRC, attracting the fourth largest funding allo-
caton in the organisation. The tollowing aims (prob-
lem areas) for groundwater research to be addressed
over a S-ycar time frame, have been identified

. To refocus groundwater characterisation to
wards integrated water resource management
in line with national needs and priorities.

. To manage groundwater gquality with empha-
sis on the prevention of contamination ' poliu
tion.

. To support activities that develops appropriate
professional. institutional and management
practices to achicve integrated water resource
management

e To encourage innovative and imaginative re
scarch (lateral thinking) with the potential to
contribute o meeting the identified vision of
groundwater research.

Accordingly a programme orientated approach to
addressing both the short and long term needs of
sustainable use and management of groundwater
resources in South Africa is under development.
Currently, the groundwater rescarch field comprises
of the following rescarch programmes:

* To whom all correspondence should be addressed
MO012) 330 0340: fax (0121 331 -2565;
ecmatl: keg e wre.org za

. Groundwater Reserve Programime
. Fractured Rock Aquifer Research Programme
Karoo Aquifer System
- Basement Aquifer System
Table Mountain Group (TMG) Aquifer

Syslem
. Community Groundwater Supply and Sanita-
ton
. Groundwater Quality and Protection,

This paper outlines the need for an appropriate re-
scarch programme on the occurrence, attributes and
dynamics of groundwater systems in the TMG.

Research programme rationale

The TMG aquifer system is a reglonal aguifer with
potential to be a major source for future water sup-
ply In the Western and Eastern Cape. TMG Aquifer
consists mainly of sandstone, shale and quartzite
units and is exploited extensively for agricultural
purposes. The largest groundwater supply from a
fractured rock aquifer system in South Africa Is
taken from the Vermaaks River welllield found in
the TMG aquifer systems. To date however, there
has been limited rescarch into the aquifer system.

The Coordinating Committee for Geohydrological
Rescarch (CCGR), an advisory body to the WR(C
recommended in 1999, that attention be given to
investigating the TMG aquifer system for water sup
ply purposes (including aspects of resource evalua
ton and sustainable development). The committee
recommended a workshop be held with various role
plavers 1o identily research needs (o formulate a
research programme.




Part 1. Introduction and  Bacaground

At the workshop held in Cape Town the following
overall goal for the rescarch programme was identi-
fiedd To develop and further enhance, within the
Department of Water Affairs and Forestry and
the broader scientific community, the capa-
bilities to manage TMG Aquifers in a sustainable
manner focussing on issues such as system dy-
namics, community water supply needs and
water volumes required to sustain sensitive
ccosystems™ Using this as basis, the workshop
participants went through a process of identifying
and ranking rescarch needs for the TMG aquifer
system (Table 1), The outcome of this ranking was
that, preparation of a synthesis of current
hydrogeological knowledge and understanding of the
TG aquifer system was needed to form a
“coherent”™ and “logical®™ framework for future
rescarch activities In the TMG aquifer system,
Preparation of this volume is a direct result of the
workshop and represents the [irst attempt Lo
document current knowledge of the TMG aquifer
system,

Table 1
Key issues to be addressed in a research
programme on TMG Aquifers

Status of current irowladoe of TMG aquifer systems

2. The influence of structural geology on flow dynamics and
groundwater occurmence

3. Impact of groundwater SbSYACHon on ecosysiens.

4. Management scenanos for grouncwater abstraction

5. System dynamics (flow conditons, boundary condons,
ywic potertial, groundwater surface waler merachon)

6. Technology transler

7. Resource quanshicaton methodologies

8. Recharge (includng anfical recharge)

Challenges

There are many uncertainties and barriers 1o over-
come before large volumes of groundwater can be
abstracted in a sustainable manner from the TMG
aquifer system. Furthermore, there are many defl
nitions and varied understanding of the concepts of
sustainable development and integrated water re-
source management. However, the main goal for
waler management is a balance between protection
(conservation) of dependent ecosystems and devel
opment of the resource. The concept of sustainability
has a number of implications for the management
and use of groundwater resources, including

. The sustained provision of a basic quantity of
walter for domestic purposces. Le. o meet nor
mal household and health requirements

. The potential contribution to cconomic devel
opment and poverty alleviation
. The maintenance of aquifer system integrity

(e g prevention ol subsidence and salini-
sation).

. The protection of the groundwater resource
from contamination.

. The proper functioning of ecosyvstems which
are dependent on the groundwater resource.

To address the challenges of sustainable water use
and management, an integrated framework is re-
quired. There is now wide recognition that a holis-
tic, systematic approach based on IWRM principles
must replace the current fragmentation when man
aging water resources and supplies. The interaction
and connection (including inter-dependencies) of
three complex and rapidly changing systems pro-
vide the rationale for adoption of an IWRM approach.
These are

. The environmental system, of which water is a
vital part and a constituent of all living things.

. The hydrologic system. which governs the flow
and regenceration of water,

. The human socio-economic system of which
can have significant impacts on the environ-
mental and hydrological system

Planning and management of water resources are
closely assoctated with societal development and
progress. However, this needs to take place within
the context of sustainable development, which re-
quires planning over a prolonged temporal and spa-
thal scale. This further increases the complexity of
the decision-making process,

Prior to 1998, the use of groundwater was be-
vond the regulatory jurisdiction of the state. The
National Water Act (Act No 36 of 1998) corrected
this situation and considers groundwater as an in-
tegral part of the hydrologic cycle. The Act provides
the legal framework lor groundwater management
in South Africa. The Act Includes:

. Formal recognition of the unity of the hyvdro-
logle eycle

i Provision for resource protection and sustain-
abality.

. Confirmation of water as a natlonal resource
under national management

. Special status o meet rights of and obligations
o neighbouring states

® Decentralisation of water management within
a navonal framework

. Limitation of rights into perpetuity,

. Water allocation specifically to achieve soclally
and economically optimal water use

. A lormal requirement lor water conservation
and demand management

. Economic pricing of water,

The focus of groundwater management in South
Alrica, at least lor the loresecable future, will he on
cquitable allocation for economic development, re
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source Integrity and meecting basic human needs
The challenge remains to implement these princi
ples in reality. Management strategies will need to
be developed o address the unique characteristics
and roles of groundwater. This needs to take place
within the context of a soclo-economic development
paradigm

To be able 10 meet the challenges. a proper un-
derstanding of TMG aquifer system is required. To
date, rescarch of the TMG aquifer system has been
lmited and of an ad hoc nature. It is aimed that the
rescarch programme provide information required
to ensure groundwater from the TMG aquiler sys
tem can be used to meet the challenge of supplving
water 1o the region in a sustainable manner

Conclusion

The TMG aquifer system has the potential to be a
significant source of water. The resource needs to
be used within the context of IWRM and sustain-
able development principles (including understand
ing environmental requirements). A research pro
gramme to find solutions to the challenges posed by
using the TMG aquifer system sustainably will be
based on the current level of knowledge and under-
standing revealed in the remaining chapters of this
document

References
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The Stratigraphy, Lithology and Structure of the
Table Mountain Group

CH de Beer

Council for Geoscwnce, PO Box 572, Belledie 7535, South Africa

Abstract

The dominantly arenitic Tabie Mowrdain Group (TMG) is well exposed within the Cape Fold Belr,
which straddles the west and south Coasts of South Africa. This thick succession of well indurated
rockes displays some variation with regard to both lithological and bedding characteristics, which
influence thetr hydrogealogical potential. As most of these rocks have low primary porosities. they
only become good aquifers where fractured. The most favourable targets are jaults and strongly
folded strata, where the rocks have been fractured sufliclently to create secondary povostty. Continued
deformation produces cataclasites in quartz arenttes and clayey, non povous matertal in impure
arendies, resulting na drastc reduction of pore space volumes.

Introduction

The sediments of the Cape Supergroup were de-
posited from early Ordoviclan to early Carbonifer
ous times, approximately between 500 and 340
million years ago. This predominantly siliclastic
sequence 15 exposed along the entire length of the
Cape Fold Belt (CFB), the 280-220 million year old
orogenic belt straddling the west and south coasts
of South Africa. The succession of quartz arenites,
shales and siltstones, with minor conglomerate and
a thin diamictite unit, has been subdivided into the
Table Mountain. Bokkeveld and Witteberg Groups
(Du Toit, 1954; Rust, 1967: Theron, 1972 Theron
and Loock, 1988; Broquet, 1992). Maximum
thickness of the Cape Supergroup amounts to 5 300
m and 9 600 m. respectively for the western and
castern Cape (SACS, 1980). These sediments were
deposited in shallow marine environments under
tidal. wave and storm influences, as well as innon
marine, braided fluvial environments. The medium
1o coarse grain size and relative purity of some ol
the quartz arenites, together with their well
indurated nature and fracturing due 1o folding and
faulting in the fold belt. enhance both the gquality
of the groundwater and its exploitation potential

Table Mountain Group

The cratonic sheet sandstones (Rust, 1967 Tank
ard et al, 1982) ol the TMG in the lowermost part
of the Cape Supergroup form the backbone of the
Cape Fold Belt from Vanrhynsdorp in the west to
Port Elizabeth in the east (Fig. 1) Due 1o the low

MO21) 99484754 fax (021) 948 8788,

ematl. coenice geobell org za

deformational intensity, most of the stratigraphic
and sedimentological rescarch on these rocks was
done along the West Coast and in the southwest
ern Cape (Rust, 1967: Vos and Tankard, 1951
Thamm, 1988; Fuller and Broquet, 1990; Tumer.
1990). Although intense deformation (Halbich, 1983)
makes sedimentological studies and thickness de
termination formidable tasks (Broguet, 1992), Rusi
(1973) and Johnson (1976) concluded that the se
quence thickens castward (Fig. 2), The TMG is sub-
divided Into eight formations, with the upper three
contained within the Nardouw Subgroup (Table 1).
The TMG consists of 95% quartz arenite with me-
dium to coarse grain-size and variable amounts of
feldspar and clay minerals, However, these quartz
arenite beds often are separated by partings and
thin beds of siltstone. The presence of the latter s
often masked by talus and soil cover.

Lithostratigraphy

The lowermost unit of the TMG, the Plekenierskioof
Formation. consists of conglomerate, quartz arcnite
and minor mudrock that are confined to the West
Coast (Rust, 1967). It unconformably overlies phyll
ites and quartzites of the Neoproterozoic Malmes
bury Group, and red terrestrial sediments of the
carly Palacozowe Klipheuwel Formation. The Pieke
nlersklool Formation was deposited by alluvial-fan
and brawded-river complexes on uneven topography
created during lolding and uplift of the Neoprotero-
zoic Pan-African mountain belts along the West
Coast prior to about 500 Ma ago. This valley and
rdge palacotopography caused considerable lateral
and vertical variation in both composition and thick
ness of the Pickenterskloof Formation, Along the
coast (Fig. 1), the sequence Is dominated by clast
and matrix-supported vein-quartz conglomerates
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that are interbedded with

coarse to medium

grained, cream-weather

ing. cross-bedded quartz
v arenite. Reported maxi

mum thicknesses for the
Plekenlersklool Forma
tion vary between 900 m
northwest of Citrusdal
i | (Rust, 1967) and 390 m at
Mketbherg (Thamm, 1993)
A thin (1-2 m thick) dis
continuous unit of con
glomerate with mainly
quartzite clasts sporadi-
cally occurs at the base of
| the TMG In the Eastern
Cape (1.C. Rust, pers
= comm. ). Al Piketberg (Fig
4), the formation consists
ol quartz arenite (De
Hocek Member of Rust,
1967) very similar in ap
prarance to the Peninsula
Formation and considered
a lateral, distal equivalent
of the conglomerates
along the West Coast. In
arcas ol little topographic
relief where faulting, ero
ston or sand cover result
in the non-exposure of
the underlving and over-
Iving lithostratigraphic
units, it mav be difficalt
1o distinguish between
» arenites of these two lor-
£ mations, especially when
there are no assoclated
f @ conglomerates, As It I8
. w important from a hydro
geological viewpoint 1o
know where you are in re
lation to hydrologically
less favourable litho
stratigraphic units such
as the Graafwater Forma
tion and the Malmesbury
Group. distinction be
_ tween these quartz are

nite types is imperative
_ Distinguishing features

under these conditions

are the general tendency

of Plekentersklool Forma

tion quartz arenites o

weather to cream, rather

than buff colours, and to

tal absence of trace [os

stls ("worm tubes®) or

other blogenic structures

k[
200 km
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INDIAN

Figure 1
Drstributon of the Tabde Mountan Growp

Piekenerskloof and Graafwater Formations
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Figure 2
Tabée Mouran Group basn sopachs (accorang to Rust 1973)
Table 1
TMG lithostratigraphy (thickness values mostly apply to southwestern outcrops)
Subgroup | Formation Lithology Bed thickness Maximum
(m) thickness (m)

Retie, Bavaanskioo! Fekdspathe sanastone 05-1 280
Naroouw S«urwebery Quartz arante 1-2 K ]
Gouon Sty sandstone. sitstone 03-05 0
Codarderg Shake. sitsione 0.1-0.3n sitsione 12
Pakhuis Diamctte, shale vanable ¥
Perinsua Quantz arante 1-3 150
Graxtwaner Impure sandstone, shale 01-05 20
Pakenarskioo! Quartz arervte, conglomenate, shale 03-15 00

Additionally, sitltstones and shales within the
Pickenserskloof Formation are usually green, but
some thin beds of purple sandstone and shale occur
at Pickenierskloof Pass. The Pickenierskloof
Formation thins rapidly towards the south and cast,
because southwest of Vanrhynsdorp. it Is repre
sented by only a thin veneer of angular quartz frag
ments, and the formation is absent south, south
west and east of Villlersdorp. The upper boundary
of the formation is taken at the first purple silistone
of the Graafwater Formation

The Graafuater Formation s characterised by pur
ple. thin-bedded, ripple-marked and mudcracked
sandstone, stltstone and shale beds, These fea
tures, together with the presence of trace fossils
prevent confusion with any other unit within the
TMG. Rust (1967) subdivided it into four distinet

members and caleulated @ maximum thickness of
424 m in the type arca west of Clanwilliam (Fig. 2).
where the basal shale is 1580 m thick, the next unit
comprise 180 m of sandstone and above that lies
30 m of white sandstone, followed by fine pinkish,
often bioturbated sandstone at the top. The forma
tion shows severe lateral lacles and thickness
changes, 15 only about 30 m thick south of Ceres.
and probably continues 1o occur as a shale unit
below the Peninsula Formation for some unknown
distance to the cast. The upper contact with the
well-sorted, thicker-bedded, white quartz arenites
of the Peninsula Formation is relatively abrupt, re
flecting a major change in deposttional conditions
The Sardinia Bay Formation (Shone, 1983), a suc
cession of conglomerate, sandstone and shale ex
posed on the coast about 15 km west of Port Eliza

n




T beth, could be the lateral
‘g equivalent of the Graal-

water Formation in the
t Eastern Cape (1L.C. Rust,
pers. comm. )

The name of the Penin
swla Formartion is derived
from the Cape Peninsula
(Rust, 1967), where the
full succession (550 m) Is
exposed against Table
Mountain. It comprises a
succession of coarse-
grained, white quartz
arenite with scattered
small pebbles and dis-
crete thin beds of small-
pebble, matrix-supported
| conglomerate The
o pebbles are normally vein
quartz, but sometimes
[Rust, 1967) consist of
black. oolitic chert. Com-
pared to their abundance
in the Graafwater For
mation, trace fossils are
generally very rare within
the Peninsula Formation,
but two distinet zones of
vertical blogenetic tubes
occur along the West
Coast (Rust, 1967). In
this area, these “tube
zones” are usciul o dis-
tinguish between the
quartz arenites of the
Peninsula Formation and
the De Hock Member of
the Plekenjersklool For-
mation where these are
faulied or overlving sira-
ta have been eroded
away (Fig. 4). The forma-
tion reaches a thickness
of about 1| 800 m at Clan
william 1n the west
IRust, 1967). but s re
portedly much thicker
IRust, 1973; Johnson,
1991) in the Eastern
Cape. However, thick
Ness measurement |Is
hampered by the severe
folding and unknown
amounts of thickening
due o thrusting (Booth
and Shone, 1992) within
the formation, The deter
/ e mination ol formation

ATLANTIC thickness 1s also im
S .- peded by the general lack
of marker beds. In the

200 km
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Cape Peninsula, Fuller and Broguet (1990) sdentd
fied two informal members within the formation that
are separated by 1 m of clast-supported conglomer-
ate (probably equating with the Slanghoek Member
of Rust, 1967).

The Pakhuts Formation occurs above the Penin
sula Formation and comprises about 40 m of gla
clally derived sediments. but is restricted to the
southwestern Cape (Broguet, 1992; Rust, 1967). It
displays two interfingering facles variations, namely
a grinty quartz arenite with small angular clasts
(Steenbras Member) and varvites with dropstone
argillite (Kobé Member). The southermn. arenaceous
diamictites are erratic In their distribution, being
often only present within synclinal folds in the “Fold
Zone™ (Rust, 1967) a zone of soft-sediment defor-
mation. which itself, is not present everywhere.

The monotonous arenitic character of the TMG
Is interrupted by an important marker unit, the
Cedarberg Formaron, which is a thin (imaximum 120
m), but remarkably continuous unit, consisting of
black silty shale at the bottom, grading into brown-
ish siltstone and fine sandstone at the top. Ac
cording 1o Broquet (1992), the Cedarberg Formation
was probably deposited when the basin was
depressed glacio-isostatically, leading 1o a rise in
sea-level and a decrease i sediment influx. It is
best exposed within the southwestern Cape, but
continue along the whole length of the southern
Cape Fold Belt, where it Is often shows extreme
tectonie thinning, Its confining character makes the
Cedarberg Formation very important in a hydrogeo-
logical sense.

The Nardouw Subgroup, with its three subdivi
sions. the Goudint, Skuneeberg and Rietolet (Baot
aanskloof in the Eastern Cape)Formations. is an-
other thick (maximum 1 200 m) unit of sandstone
that varies between quartz arenite, silty and feld
spathic arenites, accompanied by some very minor
interbedded conglomerate and shale, This litho
logical diversity, together with textural, grain size
and bedding thickness differences, lead 1o
pronounced differences in weathering. structural
and hydrogeological charactenstics. The basal unit,
the Goudinl Formation, Is characterised by reddish
weathering, thin sandstone beds with common shale
intercalations, which are less resistant 1o weath-
ering than the thick bedded. arenitic Skurweberg
Formation. The topmost unit, the Rieviel Formation
(Baviaanskloof Formation in the Eastern Cape), s
easily recognised by finer grain skze, common high
feldspar contents and resultant more dense veg
etation cover. which is visible on aerial photographs
as darker tones of grev, compared o the lighter
Skurweberg Formation. The contact with the over
Iving dark shales of the Bokkeveld Group is usually
abrupt.

Structure
Introduction

The presently exposed structure and thickness of
the TMG rocks are the result of initial deposition
within an cast-trending basin (Rust, 1973) along
the southern and southwestern Cape reglons, as
modilied by two major tectonic events, namely the
Permo-Triassic Cape Orogeny and the lragmentation
of southwestern Gondwana during the Mesozoic.
The Cape Orogeny had the effect of tectonically
thickening the sequence In areas of high strain like
the Southern Cape, whilst the later extensional
faulting disrupted the initially continuous
exposures. The CFB consists of two branches
forming a mountain chain of about 1 200 km along
the south coast and part of the west coast of the
Republic of South Africa (De Villiers, 1944: Sohnge
and Halbich, 1983), The Cape Orogeny deformed a
basement of previously deformed and metamor
phosed Neoproterozoie rocks and the Cape Granite
Suite, together with its cover sequence of Ordovician
to Triassic rocks (Cape Supergroup and part of the
Karoo Sequencel. The exposed width of the south
ern branch Is about 200 km. and of the western
branch. about 150 km. Both branches are arcuate
in plan view and convex towards the Karoo Basin,
merging with northeast-trending folds in the syn
taxis of the southwestern Cape.

The western branch

The western branch ("Cedarberg Fold Ranges™ of Du
Toit, 1954) differs in two major aspects from the
southermn branch (De Villiers, 1944; Sahnge. 1983).
The first one is its much lower shortening intensity
and the second, its northwesterly fold trend. The
large scale structure (Fig. 3) of the resistant TMG
and resultant topography was determined by the
physical properties of the competent units, which
usually display monoclinal folds (De Villlers, 1944)
that are often arranged In conjugate pairs, forming
mega-hox folds (De Beer, 1995). A tendency for parts
of the Nardouw Subgroup (especially the Goudinl
Formation) 1o display similar monoclinal, kink-like
lolds, is helplul o identity this group of rocks where
the Cedarberg Formation is not exposed. The fine
grained rocks display no cleavage, except for weak
solution types in Cedarberg shale towards the south
IDe Swardt and Rowsell. 1974; De Beer. 1958%) and
strong shear cleavages in shaly interbeds within
tight folds, but Iracture cleavage Is rare. However,
jolnts are ublquitous in most of the more competent
beds. Faulis of the western branch trend north-
westerly. the major ones being the De Hoek Fault,
the Redelinghuys Fault and the Clanwilllam Fault,
all of which display wide breecia zones and
sometimes manganese iron hyvdrothermal deposits
formed by solution of detrital heavy minerals,
Numerous subsidiary splays and sets of transverse
northeast-trending minor faults are also present




.'l.

(=] sandanc soil cover “Sal road
Nardouw Sudgroup ] \ monocling
Cedarberg Formation \,\
.'] Peninsula Formation P TABLE MOUNTAIN GROUP anticine
‘ Graafwater Formation N\
*,’.] Piekenierskioof Formation ) syncline
¢\
™ o s (5 . T
B4 Cape Granite Sute | NECPROTEROZOIC ¢ faut
~ . . BASEMENT
7y Maimesbury Group | A - cross section
f
£ fl '1 P f‘ F I Km
"4, X /‘ Oy - | W.a
y .Fo-- -------- oo P o"t.. =
E LK R . .',’,//’: e ~ -".(76‘1‘}/3:1 ;i’ /V v
 Cas X DA A X oy VA1) A“l ol
0
I Km
f : ‘ J :
' : m ) ! . : D
’ ':lq.'-. n.,’.."o;.:- : ‘1’ 7 J’ " w|
e PR Pt A NAAN LR AP NP G i D)

:"'.":M—'T).-:O?\

. — " B
Y zr‘t‘T)r s
2 o b e

ABOoRO 21w

Structue of the TMG i the Peery oulier




Part 2. Goology

The Piketberg outlier (Fig. 4) serves as an example
of fault and fold geometry in the western branch.
The outlier represents a hall-graben bounded on
the southwestern side by the De Hoek fault, which
has a northeast-down displacement of at least 400
m and a breccia zone some tens of metres wide. All
of the laults are near-vertical normal laults with
minor transtensional components and varying
damage zone widths, while fold wavelength s about
5 km.

The southern branch

The southern branch displays northerly verging,
often overturmed first-order folds, sliced by a few
thrusts (Theron. 1962: Booth and Shone, 1992) and
normal faults, with strong fracture cleavage in the
quartz arenites and slaty cleavage in the Cedarberg
Formation. The transect along 22°E (Sohnge and
Halbich, 1983) serves to fllustrate the most impor-
tant features of the southern branch (Fig. 5). The
two most important regional fold structures are the
Swartberg and the Outeniqua anticlinoria. There are
abrupt changes In style and intensity ol delorma-
ton in the cover rocks across the CFB, with the
least deformed Zone 1 north of the Swartherge hav-
ing fold wavelengths of 12 km and hmb inclina-
tlons of less than 57, Excepting leading edges of
small listric thrusts, cleavage is generally absent
and horizontal shortening amounts to only a few
percent. Zone 2 displays open symmetric and upright
flexural slip folding with wavelengths of 1-2 km and
Hmb inclinations less than 25°, A spaced axial
plane cleavage is developed in fine pelites only and
buckle shortening i1s about 8%. Zone 3 Is
characterised by asymmetric and inclined folds with
wavelengths of
5-7 km, for which 30% shortening was calculated. A
well-developed, fanning axial plane cleavage is of
ten accompanied by a steeply south-dipping solu-
ton or crenulation cleavage. This was followed by
compressional kinking around 230 Ma ago. Com-
plex quartz microstructures displayving multiple seis
of deformation lamellae with c-axis abrics that are
asvmmetric towards the mesolabric indicate pul-
sating. cold working conditions and excessive strain
hardening. Temperatures remained below 3O0°C,
Zonwe 4 has, additionally to the features of Zone 3,
second-order “cascade folds™ on overturned limbs,
profuse evidence of bedding decoupling and local
thrusting. Bulk horizontal shortening is slightly
higher at 35%, with steep thrusts contributing little
to this ligure. Two recrystallised cleavages devel-
oped in fine-grained pelites, Hlite cryvstalliniy
indicates temperatures of about 300°C, while fluid
inclusions In quartz found along thrusts indicate
temperatures up to 360°C. These higher temp
eratures are reflected in TMG quartz arenites by
recrystallised zones of a few microns wide
Halbich (1983) ascribes the sudden inception of
intense folding in the cover rocks of the third and
fourth zones to relatively sudden stratigraphic thick-

ening of the Table Mountain Group. The “explosive
stage” of folding was reached from here southwards
with sequential lolding trggered by basement weak-
nesses in the deep crust, basement and cover rocks
alilke. The southern edge of the SCCH crustal
anomaly (approximaltely coinciding with the Cango
Baviaansklool Fault) forms the northern boundary
of Zone 5 (Fig. 1) between the inland Swartberge and
the coastal Outeniqua Range, and consists of
Bokkeveld Group in a wide synclinortum, overlain
at Oudishoorn by the post - Cape Fold Belt, terres
trial conglomerate of the Enon Formation. Strain
markers indicate up to 30% Internal longitudinal
strain and the folds are open structures with an
intense axial plane cleavage. The metamorphic grade
approaches eplzonal conditions (=300°C).

The coastal Outenigua Range of Zone 6 (Fig. 5)
contains tght to isoclinal folds with flat south-dip-
ping axial planes. slaty cleavage, crenulation cleav
age. kinks and a prominent downdip mineral elon-
gation linecation. Quartz grains in the TMG arenites
are completely annealed to a stable polygonal (foam)
structure. Horzontal shortening is estimated at
around 70% and epimetamorphic greenschist lacles
conditions (with biotite) reached at approximately
350°C. Thrust fanlting with important displace-
ments (Theron, 1962: Shone and Booth. 1992) is
common towards the castern part of the CFB,
especially in the vicinity of the north trending
“Willowmore High® (Rust, 1973), a linear Cape Ba-
sin floor positve clement.

The major faults trend casterly (Fig, 3), but s
accompanied by a transverse set of minor, approxi
mately penccontemporancous northeast-trending
transfer faults. suggesting elements of trans-
tension. The major ones are the Worcester Fault
and the Kango Baviaansklool Fault Zone, both of
which remain seismically active to this day. All of
these faults display zones of breeciation a few tens
of metres wide, cataclasm and numerous minor
splays. as well as horse - talling,

The syntaxis

Fold axial traces of the western and the southern
branches form open ares in the Western Cape Proy
Ince where they merge with the broad zone of north-
cast trending structures of the syntaxis. Based on
differing fold tremdds and shortening Intensity, the
syntaxis may be divided into two separate domains
Iving north and south of the Hex River anticline,
Cleavage 15 restricted 1o cover pelites of the south
ern domain.,

The northern domain is characternsed by north,
northwest, northeast and minor east trending folds,
while the southern domain contain only cast and
northeast trending folds. The curvature ol both
branches o lorm oroclinal arcs in the syntaxis which
merge with an intermediate trend, suggests their
formation by roughly simultaneous northeast-
southwest and northwest-southeast directed
shortening (De Villlers, 1956; Newton, 1975; De

15.
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Beer, 1990. De Beer, 1995). The syntaxis is the most
fractured part of the CFB. with components of the
western and southern branch faulting both being
present. The Worcester Fault changes trend from
casterly to northwesterly and the area south of it
is dominated by numerous large northeasterly-
trending faults. The latter set of fractures must have
formed contemporancously with the Worcester Fault
or slightly later, because they end against this major
fracture, which attains its maximum displacement
of more than 5 km in the syntaxis,

Effects of deformation on target selection

Sedimentary features such as grain size. matrix
composition, sedimentary structures and formation
thickness are inevitably modified by folding and fault-
ing processes. the end result of which will ultimately
determine the structure and resultant hydrogeo-
logical potential of these rocks. Apart from changing
porosity values, regional thickness estimates for
formations in areas of high strain could be grossly
exaggerated (Fig. 2) and meaningless (see Booth amd
Shone, 1992) if the amount of tectonic thickening
by folding and thrusting s unknown. For example,
thickness determinations from maps without
structural information about the position of fokd
axial planes could easily give values two or three
tmes the original thickness. Such calculations be-
come even more inaccurate where the presence of
intraformational thrust faults goes unnoticed,

Internal features of depositonal units, such as
grain size distribution and primary porosity, may
change substantially during deformation, while on
the visible scale, cross-bedding laminae, bedding
planes and formation boundarties are folded and dis
rupted, Thrusting could also play an important, of
ten relatively unknown, role in this process. Intui-
tively, all of these processes should lead to an in-
crease In fracture density and aquifer capacity within
the competent quartzose rocks of the TMG. Thin
section studies often prove that even In pure quartz
arenites from unfolded beds, intergrain pore spaces
are completely filled by secondary quartz over
growths, making these rocks nearly impermeable.
It i1s only where they are fractured by folding. cleav
age formation and/or faulting that the rocks de-
velop a secondary porosity and become aguifers,
Deformation ol less pure arenites, like the feld-
spathic and sity varieties encountered within parts
of the Nardouw Subgroup, commonly transforms and
mobilises the impurities o fine micaccous or clay
material. which has a negative effect on the perme
ability of fractures and the aguifer abllity of brecclas
(Table 1).

Too much delormation, especially within pure
quartz arenites, is also not beneficial 1o hydrogeo
logical potential. Greell and Halbich (2000) recently
pointed out that strong cataclasm. especially when
accompanied by stlicification, greatly reduces the
agquifer potential of quartz arenites in the TMG of

the Kammanassie Mountains (east of Oudishoorn)
This one example is typical of aspects noticed dur
ing several drilling programmes in the past and
serves as a clear reminder that highly folded beds
and fault breccias are not always good aguifers and
that detall structural investigation should always
form part of a borehole siting programme, because
these aspects will also influence the capacity of a
major aquifer to be replenished from contributing
sources such as fault splays.

Faults themselves may be grouped into two end
members, namely compressional reverse /thrust
faults with dips below 45° and extensional (o trans-
tensional normal faults with dips in excess of this.
Within the TMG of the CFB, breccias assoclated
with all of these faults generally look alike, In prin-
ciple, therelore, a narrow breccla zone at the sur-
face Is no guarantee that a borehole will continue
1o encounter breccias for long when it s a thrust
fault with low dip. In the CFB. the possibility of
encountering such flat dipping faults Is probably
low within most of the southern branch and almost
zero in the western branch. The fact that on a
crustal scale, most normal faults are listric in shape
(see Fig. 5) is not relevant o the depth range within
which boreholes are normally drilled. especially
where sited within a wide breccta zone,

Although major faults with well-developed breceia
zones are normally the best aquifers. fold hinges
with strongly developed fracture cleavage, joint sets
(see Coetzee, 1983) and axial-planar faults can be
good targets as well, especially where capped by
impervous beds. Such situations are likely to be
encountered at contacts between the Plekeniers-
kloof Formation and the Graafwater Formation,
between the upper Peninsula Formation (especially
where the glacial lold zone - see Rust, 1967 - is
developed) and the Cedarberg Formation, as well
as within the Nardouw Subgroup and specifically at
its contact with the confining Bokkeveld Group
shales, Large springs in the Cape Fold Belt are often
located where large faults are capped by the
Bokkeveld Group. lor example the hot springs at
Brandviei (south of Ceres) and Warmwaterberg
west-southwest of Oudishoorn). These faults are
generally large fractures connected to other major
faults of divergent trend and usually traverse arcas
of mountainous terrane with high rainfall,

Conclusions

Large fracture systems within the arenites of the
TMG have the potential to be important water re
sources in future, However, borehole siting and re
source strategies should take cognisance of a van
cly ol aspects such as detall lthological vartation
and structural setting. A better understanding ol
these aspects could save time and prevent money
from being being wasted on unsustainable sources,
as well as ald in the planning of large groundwalter
projects
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Use of Structural Geology and Remote Sensing in
Hydrogeological Exploration of the Olifants and
Doring River Catchments

CJH Hartnady* and ER Hay

Linvoto Africa oo, PO Box 61, Mulzenberg 7950, South Alrica

Abstract

Structural geology and remote sensing ts used in hydrogeological exploration of the Olifants
and Doring river catchments to accurately quantify the boundartes and internal structures of the
Table Mourtain Group (TMG) fractured rock aguifers: to map the principal hpdracioally condug
tive structures (hydrotects); and to determine reglonal and localised patterns of fracture ortenta
tionr and spatial densily. Use of Landsat and SPOT images in gquanditative structural analysis
fnvolved sateliite-based remote sensing techniques, aertal photographic interpretation (AP of
selected well-exposed terrains, follow up fieldwork and stereographic analysits of the data
Accurate structural data was obtained for modelling of the 3D Jold and Jault geometny of the TMG
Agulfers and thelr fracture patterns, The major Jeatures of hydrogeological sgnificance are:

(1) Large aguifer volumes are located up to 3 km below sea-level in the boxfold dike Olifants River
Syncline (ORS).

(2] There is a close kinematic relationship betwveen approximately N/S fold-<axial trends and
the dominard NW/SE faulting.

(31 There are five principal joint sets and major fault traces.,

(4) Four major “megafault™ or “hydrotect™ systems trend in a NW/SE directions, linked (o each
other by connecting splay- and cross -faults

(5 Fracture spatial density (FSD) and connectivity relationships indicate that the fawlt fracture
systems constitute a percolating network for deep geoflulds movement.

(6) Acromagnetic survey data supports the correlation of cenain megafault zones across aredas
of no, lrtle. or poor bedrock exposure, Incorporation of physiographic data. geological con
tacts and fracture fault traces, o a common geographic information system (GIS) with
advanced geospatial analytical capabiiities provides a future platform for aguifer manage
merd and groundwater resource developrment

Introduction coast, and provides an artesian flow to some
boreholes for agricultural and municipal wa
Objectives and methodology ter supply in the Citrusdal area.
. I'o locate and map on a regional scale within
Alms the study arca the principal, hvdraulically con
ductive, tectonie structures - “hydrotects”
The principal atms and uses of structural geology (Umvoto, 1997) - along which the deecp arte
and remote sensing were stan groundwater flow is channelled
. To undertake localised structural mapping o
. To define accurately and quantitatively the geo determine quantitatively the patterns ol frac
logical boundaries and internal structures ol ture orfentation and fracture spatial density
the deep TMG fractured rock aquifer that sup over a range of characteristic length scales on
plics a strong locally focused groundwater llow one particular hydrotect
o thermal springs along the Olifants River val
ley, seep zones, springs, and viels along the IThe contribution of fractures (Faults and joints) o

the permeability of fractured, sandstone aquifers
depends on the nature ol the Iractures themselves

Le. aperture, presence/ absence of fault gauge. pre
ferred flow channels, It also depends on the nature
of the fracture system as a whole, L, orlentation

To whom all correspondence showld be addressed
MO21) 7TRE SOS1; fax (02]1) TRE-6T42
E-matl; chris™ wmoio, com
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and length distributions. geometry and connectiy
ity (Odling 1997)

In the TMG Aquifer, three fracture components
exist which can signilicantly contribute to water How,
viz. bedding-fractures, joints and faults. The geo
metrical and hydraulic characteristics of these three
structures may be different. so that all must be in-
vestigated. Ficldwork in support of remote sensing
is aimed al characterising the remotely mapped fault
and joint systems in terms of the factors listed above.

In the case of the joint systems:

. Good exposures are sought to map the joint
systems on the surface of bedding planes at a
range ol joint densities

. CUff sections are examined to investigate joint
persistence and the influence of bedding on the
system. and to estimate fracture aspect ratios

. Line samples are taken to obtain data on ort
entation and length distributions, and spacing
on the field outcrop scale

. The nature of fracture apertures and the pres
ence of mineralisation and preferred llow chan-
nels s investigated.

In the case of the fault systems:

. Good exposures are sought to investigate the
nature of the ‘damage zone of Increased frac-
ture density near major faults

. The relation between faulting and jointing in
terms of fracture orlentation and density ap-
proaching major Gults is investigated

. The nature of mineralisation in fractures in and
adjacent to fault zones s recorded,

Data analysis

To determine the nature of the fracture system over
a range of scales, in terms of geometry, the role of
mechanical layering, connectivity, and the relation
to the concept of a “percolation threshold®, data col

lection in the Olifants / Doring region involved satel-
Iite imagery, digital elevation models (DEMs) and
their derivative products, and the local interpreta-
tion of conventional acrial photography. This analy

sis 15 used to bulld conceptual models of the frac-
ture system for use in hydrogeological flow model

ling. Furthermore, the following analyses are pos-
sible:

. Length distributions from satellite imagery.
aerial photos, and field mapping to determine
the nature and scaling of the fracture length
distributions (lognormal or power law)

. Maps of joint systems for the relation between
fracture density and connectivity

. Ornentation distributions at different scales are
compared in order to detect scale ranges of dif-
ferent sizes of fracture

. Information on fracture apertures to bulld a
model for the relationship between apertures,

chemical activity (mineralisation, dissolution),
orfentation, age. and location (proximity to
major faults).

Previous mapping and structural work by the South
Alrican Geological Survey and other workers has
focused mainly on descriptions of the stratigraphy,
sedimentology. and fold structures of the region (e.g.
Visser and Theron, 1973: De Beer, 1989, 1999),
From the perspective of this study, the descriptive
aspects of the folding are less significant than those
related to rock fracturing. except in relation to the
major synclinal structure that have down-folded
large volumes of TMG Aquifer rocks.

Use of remote sensing techniques

Apart from a pioneering study by Newton (1975) on
alr photo interpretation (APL tor structural analysis
in other parts of the CFB 1o the south and east of
the study area, there has been remarkably little at
tention to the use of remote sensing methods in TMG
hydrogeological exploration

In this study, digital images obtained (rom the
Landsat and SPOT satellite platforms have been com-
bined with and, in the SPOT image case, even
superimposed upon a high-resolution DEM to ob-
tain quantitative spectrometric data and also quan-
ttative 2D directions and 3D orlentations of vartious
features.

In the structural analysis of folding over the
whole region, the study mainly relled on previous
and present conventional AP and sclective follow-
up leld mapping of the main fold axial traces. In an
arca covered by one SPOT scene (118/415) centred
roughly over the main Cederberg range, northeast
of Citrusdal, the “Geospatial Analysis™ capabilities
of the TNTmips soltware was used 1o obtained bed-
ding measurements and the regional fold-axis ori
entation from georeferenced superimposition of the
SPOT scene on the DEM

Techniques of combining maps, or aerial and
satellite images with DEMs for the extraction of three-
dimensional orentation data are well documented
in remote sensing lterature (Morris, 1991 Chorowicz
et al, 1991: Mahon et al.. 1993). Although the pe-
troleum industry has developed some expensive,
proprictary software that implements these docu
mented algorithms, no inexpensive software lor use
in regional mapping applications was availlable prior
to 1995 Locally developed software was used to
collect structural data for the Olifants-Doring catch
ment hydrogeology study and represents the first
tume the method has been used on an operational
basis in this region.

The method Is especially suited 1o arcas under-
lain by folded rock strata, combined with large van-
ations in topographic clevation. In this respect, the
Olifants-Doring study area and. In fact, the entire
TMG terrain is ideal for application of the technigue.
The software involves use of accurately co-geo-
referenced image and digital elevation data. The
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image data have to be of a sufficiently high resolu
ton i order o accurately trace and position geo
logical contacts, fracture trace lines and bedding
traces.  The on-screen interpretation phase of the
method requires input from an experienced struce
tural geologist and photo-interpreter, sinee recognl
ton of actual structural features and correct place-
ment of sampling points is crucial 1o the success of
the method. The method is therefore intensely in
teractive and knowledge-based,

This remote sensing method represents an im
portant departure from the normal “lineament trac-
ing” methods of structural interpretation commonly
emploved in remote sensing.  Such simplistic 2D
“lincament analysis™ methods are prone to errors in
arcas with significant topography. where lineaments
(outcrop traces of geological surfaces) can change
direction across ridges and valleys because ol the
relationship between trace-line orentation, axial
planar ortientation, and topography. Few analyses
undertaken in 2D account for topographically in
duced apparent changes in orlentation of the traces
of bedding, fractures or faults. Because this
Image + DEM method is intrinsically three-dimen-
stonal. effects of opography are accounted for and
structural orientations obtained for features are true
3D orentations. These onentations can rellably be
analvsed using conventional methods of structural
analysis (stereonets, histograms or eigenvector sta-
tstical analysis). whereas It Is unwise to submit the
results of 2D Ineament interpretation to such ng
orous analysis, except in topographically flat arcas,
or where supporting 3D structural information has
confirmed the vertical /near-vertical orlentation of the
structures being analysed.

SPOT imagery with a 10 m resolution was used
in conjunction with a 30 m resolution DEM (maxi
mum height error of £10 m) derived from minimum
curvature surface fitting to 1:50000 digital eleva
tion contours. The method provides structural in
formation that was statistically the same as that
obtained during concurrent field surveys. These
results, together with other field validation studies
ol the method conducted in the Cape Fold Belt
(Millad, 1993; Slabber, 1996) have demonstrated
that 1t is reliable, and sultable for application
throughout the CFB, Given the high costs of field
work, and difficulties encountered in accessing many
mountainous terrains, this application of remote
sensing provides the most cost and tme-effective
tool for capturing the large amounts of accurate
structural data required for realistic modelling of
the three-dimensional geometry and fracture pat
terns in TMG and Witteberg Group aquilers

Olifants-Doring fold structures

Cedarberg folding and Hex River syntaxis
zone

A convergent fold bundle in the Ceres District
swings from ENE/'WSW trend in the Hex River

Mountains at the far southern end of the E dramage
region [De Beer, 1999) to N/S (trend in the
Rouehokkeveld ranges in the southwestern part of
the study Arca.  The structurally controlled high
topography of this “syntaxis zone” forms the
southern boundary divide between the Olifants/
Doring Basin and the Breede River catchments.  In
the headwaters of the Doring River the main fold
axes trend NE/SW around a major syncline exposing
Karoo formations. although at a smaller scale a
complicated pattern of NW/SE cross-folding is also
evident (De Beer, 1999)

Koucbokkeveld fold bundle

The Koucbokkeveld and Olifantsrivierberge ranges
are part of the N/S trending Cedarberg fold - belt: the
structure-controlled topography of which forms the
southern boundary divides of the E10 (Upper Oli-
lants) drainage region.

In the E10 headwaters zone, there are four con-
tiguous major fold structures (Fig, 1), The western-
most is the Olifants River Syncline (ORS), extending
north past Citrusdal and Clanwilliam (blue dotted
line in Fig. 1). To the east of the ORS, three major
folds terminate or change shape northwards along
a NW/SE striking fault system. From cast 1o west,
these are shown as:

(4} Hanslesberg Anticline (orange-dotted line

marked HBA)

(b)  Agter-Witzenberg Syncline (blue dotted line
marked AWS)

(v} Koucbokkeveld Anticline (orange dotted line
marked KBA),

The zone of generally west-dipping strata between
the HBA and AWS is no longer evident on the north-
emn side of a NW/SE fault system that controls part
of the upper Olifants river course, The KBA contin-
ues northwards, but the AWS and HBA folds termi
nate along this lault zone and two structures lo-
cated farther to the northwest in the fold bundle
replace them, namely:

() Leeu River Syncline (hlue dotted line marked
LRS)

¢/ Sneecukop Anticline (orange dotted line
marked SKA).

These three fold structures (KBA. LRS, and SKA)
are replaced by the single anticlinal structure along
the axis of the Cederberg range (Fig, 1) They ap
parently terminate near or along another NW/SE

sinking fault that crosses the castern limb of the
Citrusdal Trough

Olifants River syncline
The most important major fold structure of the whole

region is the roughly NS siriking Olifants River
Syncline (blue dotted line marked ORS: Fig. 1) 1t is
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divided by a hinge-zone culmination
around Kriedouwkrans, ~35 km north of
Citrusdal, into two distinct axial troughs
namely the Citrusdal Trough and the
Clanwilliam Trough, both down-folding
rocks of the Bokkeveld Group. Here the
ORS s obliquely transected by a major
NW/SE-striking fault system (TLM in
Fig. | and Fig 4). An oblique fault sys-
tem of similar ortentation abruptly trun
cates the syncline just north of Clan
william. and another NW/SE fault system
[GVM In Fig, | and Fig. 4) transects it In
the Tharakamma area. At ecach of these
localities, the profile shape and sense of
asymmetry of the ORS 1s notably changed,
which implies a close kKinematic relation
between the laulting episode and at least
the later phases of fold development

The southern trough segment of the
ORS syncline reaches a maximum width
in the Citrusdal area. where there isa <10
km separation between the Cedarberg
Formation on the opposite imbs. In the
southern part of the same arca, the
syncline is also at its deepest, because the
Boplaas Formation is locally exposed here
within the Bokkeveld Group, as the high

Figure 1 est stratigraphic unit scen within this
Grey-tone geologrcal map showing the man fold axes (D and orange doed particular section of the fold
Anes) and other important suchurdl features (grean and /ea Wnes for maor fauls Quantitative structural analysis of part
and dykes, respectively) in he south-eastem part of the Olanis-Doring study of the ORS and adjacent Cederberg Anti-
araa. Fold faut and other annctations are explaned in the laxt  Black fne cline, using a combination of SPOT 1n
marked W-E represents race of structural profie (Fig. 2) Mrough The Baths hot agery and DEM was undertaken in order
spnng (red orcie on ORS trace) to improve the database from accurate

STRUCTURAL CROSS-SECTION
through The Baths hot spring

Figure 2
Structural profile across the ORS and adkacen! Kovebokkeveld (kas, drann along dne W-E » Fig 1
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construction of fold profiles normal to the local fold-
axial direction. Most previous structural cross-see-
tions (e.g Fig 2: after Diamond, 1997) are sche-
matic and vertically exaggerated.

For the recent CAGE study, four accurate “bal-
anced” cross-sections of the ORS were constructed
across a critical deepest path of the ORS in the
Citrusdal arca. The fundamental premise is that fold-
ing within the TMG occurred through a flexural slip
(deck-of-cards) mechanism in which the “orthogonal
thickness™ (normal to bedding) was preserved across
the fold. As actually observed in the field, the struc
tural geometry of the ORS consists of planar limbs
and discrete kink-like hinge zones. In these profile
constructions (e.g. Fig. 3). the base of the Peninsula
Aquifer may reach depths around 3 km below sea
level in the flat-bottomed or “box-folded™ ORS struc-
ture,

Olifants-Doring fault systems

Previously little attention was given 1o the details of
faulting and fracturing in the rocks of the Olifants-
Doring arca. although rock [racturing appears as
one of the most striking aspects of the geology and
geomorphology. It s also the principal controlling
factor in TMG hydrogeology.  The faults, fractures
and joints in the quartzitie Peninsula Formation and
the similarly quartzitic Nardouw Subgroup are of
main interest for long-term groundwater supply.
because they impart 10 the otherwise relatively im-
permeable rock a “secondary” permeability,

NW/SE-stinking faults crossing the area form
sub-parallel, continuous, Interconnected systems,
extending over distances of more than 100 km
(Fig. 4). Together these systems constitute four
“megafault” zones (Fig. 4), 1e.:

Saron-Aurora Megafault (SAM)

Gydo Verlorevlei Megafault (VM)

Twee Riviere-Liepoldtville Megafault 110
Krakadouw Klawer Megafault (KKM),

A megalault is defined as a structure having such
great surface length and displacement that it is pre-
sumed to extend to considerable depth, at least equal
to the upper brittle layer (<10-15 km) if not the en-
tire thickness (~40 km) of the continental crust, At
the largest of tectonic scales, namely that of the whole
CFB. the megafaults of the Olifants-Doring arca ap-
prar o constitute a system of splays off the even
larger Cango Megafault, which extends between the
Tulbagh-Ceres area in the west to beyond Port Eliza-
beth in the east (see De Beer, 2001, Fig. 3 in this
volume).

All previously mapped lault structures (thin red
lines on Fig 4) have been digitised from the pub-
lished 1:250 000 geological maps  (e.g. Visser and
Theron, 1973). During the course of the recent CAGE
study and groundwaler prospecting from 1995, the
traces of a number of these faults have been ex-
tended and others have been added from ficld map-
ping. conventional APl, and satellite (Landsat and
SPOT) photogeological interpretation (Fig, 4. blue
lines). There is undoubtedly scope for even more
refinement of the fault mapping in many parts of
the area, including the addition of displacement at
tributes (sense and amount) for different segments

In the western part of the arca (Fig. 4). the larger
faults appear (o be normal faults across which the
hanging wall is downthrown to the northeastern
side. e.g. the major fault between Aurora and Piket-
berg. [In the castern and northern parts, the larger,
apparently normal faults generally show down-
thrown blocks on the southwestern side, e.g. the
major fault near Clanwilliam, These generally NW/
SE 1o WNW/ESE-directed. slightly arcuate, struc
tures are crossed or connected by straighter. ap-
parently more steeply dipping faults along NW
SE to NNW/SSE directions. and others which have
E/W to NE/SW directions. The latter structures are
interpreted as strike-slip or transcurrent faults of
sinistral and dextral shear sense, respectively. In a
few instances, thrust faults of roughly N/S to NNW/
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Figure &
Fractue map detad from a small part of the study area shomng both Landsat-denved (black) and SPOT-derwed (red) races

SSE strike were discovered during earlier ground-
water prospecting.

In dynamic terms, the full range of the fault-kin-
ematic pattern described above IS consistent with a
WNW/ESE- to NW/SE-directed axis of maximum
horizontal compressive stress in a strike-slip regime
within the upper crust or Hithosphere, During Gon
dwanaland break-up and Lafonia block rotation
(Ben-Avraham et al, 1993; 1994), another “micro-
plate”™ comprised of the southwestern part of the
region probably experienced some several Kilome-
tres of sinistral strike-slip translation in a south-
casterly direction. relative to the Afrtcan mainland
in the north-castern part of the area. Where indi-
vidual component parts ol this sheared zone were
rotated from NW/SE into more E/W directions. a
local stress regime of upper-crustal extension (nor
mal faulting) was established, In contrast, where
Individual parts were bent into more N/S directions,
the local stress regime corresponded to crustal com
pression (thrust faulting and fault-bend or fault
propagation folding).

The late-stage [Jurassic-Cretaceous) origins pos
tulated for fault-and fold development in this area
may be an important factor in the preservation of
relatively high hvdraulic conductivity along the main
fracture zones. Il these developments post-dated
the main stages of the Permo Triassic Cape

Orogeny, and also the deepest burial and meta-
morphism of the TMG sequences. then the
hydraulically conductive structures will have been
less prone to later sealing, Le. by silica deposited
from hydrothermal luids mobilised during the peak
of metamorphism.

Pervasive joint sets

Accurately georeferenced Landsat images (175/82
and 175/83) covering most of the southwestern Cape
were digitised on-screen for apparent fracture traces,
wsing the TNTmips Geospatial Analysis software
package at a viewer scale of 1:100 000 (1 gun = 100 m),
A otal population of 36 982 fracture segments was
recorded (Fig. 5) Georeferenced SPOT images were
digitised on-screen lor fracture traces at a viewer
scale of 1:30 000 (1 mm = 30 m). For both Landsat
and SPOT images digitiser operators were instructed
o concentrate on exposed rock areas, to mark only
lincaments which have clear and definite topo
graphic expressions but not river courses, and (o
take special care to avold man-made or artificial
lincars (roads, property boundaries, fences, power
lines, etc.).

River and stream courses can, of course, be
structurally controlled, but such lineament
Information can also be extracted from a digital
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FRACTURE SEGMENT COUNT VS ORIENTATION
CIRCLES AT N = 4250 SEGMENTS | '
Figure 7
Rose dhagrams for Landsal fractures

elevation model (DEM). Furthermore, many of the
major mapped faults are closely lollowed by stream
or river courses.  Discriminating against these
longer linear features on the satellite imagery can
therefore blas the digitised data sel towards the
shorter Iractures showing lesser degrees ol
connectvity.

In practice there is an observed tendency lor the
digitising operator o truncate shorter lines some
distance, of the order of 50 m or less, belore their
possible nodal connection with other lines at high
angles (e.g. Fig. 6). The TNTmips Geospatial Analy-
sis software allows the ends "dangling nodes™) of
such disconnected fractures to be “snapped” 1o the
nearest line within given distance limits. When the
original digitised data set was “snapped” in this
manner for a node-to-line distance of 50 m or less,
the number of resolved connections was 3 324,

On the basis of their orientation distribution
(Figs. 7 and B), live systemaltic sets of fracture traces,
corresponding to NW/SE- E/W - N/S . NE/SW-, and
ENE/WSW-trending joint sets are identified in this

satellite photogeological interpretation (SPL. These
five sets correspond well with the three main line
ament sets, Le. NW/SE- E/W, and NE/SW-trending
traces - previously identified from conventional aerial
photogeological interpretation (AP1), undertaken for
borehole-siting purposes (unpublished Umvoto Af
rica cc reports, 1994 1997).

A three-dimensional analysis of a combined SPOT
imagie and DEM was also undertaken for four of these
fracture sets, Le. the NW/SE, NE/SW, E/W, and
N/S sets. A total of 365 new orlentation measure
ments were extracted from this analysis in a rela-
tively short space of time (about three days)

The stereographic projection shows that the NW,
SE fractures have bimodal dips in both NE and SW
directions. The NE/SW and E/W fracture sets dip
dominantly to the SW and S. respectively. The sat-
ellite and DEM results compare well with the prod-
ucts of a regional ficld-based structural survey,

In general the fracturing is similarly orfentated
in both Peninsula and the Nardouw lormations, but
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FRACTURE
CIRCLES AT N

SEGMENT COUNT RENTAT

1541 SEGMENT

Figure 8
Rose aagrams for SPOT fractures

there s vartablity in fracture spacing, depending
on bedding thickness differences and proximity to
major fault zones, In parts of the study area, the
more thinly bedded Nardouw Formation is intensely
fractured by closely spaced but relatively discon
tinuous structures. Large-scale, continuous, widely
spaced master joints are characternistic of parts ol
the more massively bedded Peninsula Formation.
Sub-horizontal or steeply dipping bedding planes
and lormational contacts lagainst the relatively Im
permeable Cedarberg Shales, for example) can con
tribute to the secondary permeability and can, In
combination with local structures and topography
control the occurrence and llow rate of springs

On both the Landsat and SPOT imagery. the
length-frequency distribution of fractures of all
orlentations appears (o follow a power-law distribu
thon (Figs 9 and 10)

NW/SE fracturing

Landsat {racture traces in the entire NW/SE sel
fall within the azimuth range N290°E 10 NASO'E
with a distunct mode at N315°E. On a Rose diagram
of narrow (57) bandwidth, this set shows a relatively
wide angular dispersion with possible subordinate
mode at N295 E (Fig. 7). On SPOT imagery the mode
at N295'E is confirmed and one at N305'E appears
(Fig. 8)

In the entire area covered by the Landsat images
a total of 12 166 fracture segments was digitised in
this particular set, ranging in length from a minl
mum of 5 m to a maximum of 16 424 m, measured
from node (intersection or termination) to node. The
mean length is 1 035 m (+ 1 015 m standard devia
tion) and cumulative total fracture length is
12592 km

As a lirst approximation to a spatial density of
fracturing, the area distribution of fracture number
within 5 = 5 km grid elements is plotted for elements
covering zones of bedrock exposure within the study
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Over the Olfants-Doring region and its
b immediate surroundings. the arcas with

DISTRIBUTION

LANDSAT FRACTURES
LENGTH-FREQUENCY| «a

Landsat fracture-number density above
the mean plus two standard deviations
IB.86 + 2 x 8,12 fractures/clement) are
mainly clustered around the northern

FREQUENCY

— -

Cedarberg and to the northwest of the
Citrusdal trough on the ORS. The area
containing a number density above the
mean is again locally elongated along
NW/SE trending corridors, in both these
arcas.

The NW/SE spatal trends in the
geographic distribution of E/W fracture
density are evidently controlled by to-
pography over the crosionally resistant
TMG outcrops. The zones of moun-

10

LENGTH (Metres)

o tainous topography are in turn con-

trolled by the NW/SE strike orien-

LOG FREQUENCY

tations of the major fault zones,
especially the megalaults.,

The maximum horizontal compres-
vl sive stress is most probably oriented
E/W. accordingly to analyses of focal
mechanisms of the 1969 and 1970 Ceres
carthquakes (Zoback, 1992). The closely
spaced E/W fracturing developed
throughout the study arca may there
fore represent, in part at least, a “neo-
- tectonic jointing”™. If this assumption is
correct, then it suggests that the frac-
ture sets striking N/S or nearly N/S will
tend to be closed by the contemporary
stress regime, whercas those with a
more E/W strike direction may be clas
tically dilated, and thercfore suitably

saa0e open conduits for groundwater.

LENGTH (Metres)

Figure §
Length frequancy hisfograms for Landsal fraciures

arca and s immediate surroundings on the two
merged Landsat images, It is notable that the areas
of higher number also tend to follow NW/SE trends.

E/W fracturing

Landsat fracture traces in the entire E/W set fall
within the azimuth range N250°E 1o N290'E. This
fracture set has a most conspicuous Rose diagram
maode at N270°E, especially on a “line segment™ plot
[Fig. 7). showing little angular dispersion outside a
107 band. It is equally conspicuous in the SPOT
imagery analysis (Fig, 8)

In the Landsat image arcas 7 962 fracture scg-
ments were digitised in this particular set, ranging
in node-to-node length from a minimum of 5 m 1o a
maximum of 9 919 m. Mean length is 1 053 m
(+ 957 m) and total fracture length in this set is
8 384 km,

NE/SW fracturing

Landsat fracture traces in the entire

NE/SW set full within the aztmuth range
NOIS'E to NOSS'E. The set shows a relatively broad
mode around NOJO'E on a “node-to-node” Rose
diagram. but a small well-defined mode at NOASE
on a “hne segment”™ plot (Fig. 7). In the more
restricted area covered by SPOT imagery, there 1s a
conspicuous node-to-node peak at NOIS'E (Fig. 8L

In the Landsat images 3 063 fracture segments
were dightised in this particular set, ranging in node
to-node length from 10m to a 9 823 m. The mean
length is 1 130 m (£ 982 m) and total fracture length
in this set 1s 3 460 km.

When the geographic distribution of NE/SW-orl
entated fracture length within a 5 x5 km grid ele-
ment is plotted over the study area, the blocks of
higher relative fracture number tend to be grouped
along roughly NW/SE alignments.
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In the entire area covered by the
Landsat images a total of 3 033 (racture =
segments were digitised in this particular
sel. ranging in node-to-node length from
5m o 15 187 m. The mean length ks 945 m
(= 945 m standard deviation), Total
fracture length in this set 1s 2 875 ki
Along this direction some conspicuously
long digitised linears may represent bed
ding or formational contacts, ¢ g the
Cedarberg contact on the Olifantsberge
range west of Citrusdal

oY

FREQUE

ENE/WSW fracturing

Landsat fracture traces in the entire ENE/
WSW set fall within the azimuth range
NOSS'E to NOTO'E, but show little or no
mode in a Rose diagram (Fig. 7). This set

SPOT FRACTURES
LENGTH-FREQUENCY| o~
DISTRIBUTION

n«

Rl

O M—

T
LENGTH (Metres)

could therefore be regarded as an asym-
metric tall on the E/W fracture distribu
tion. However the SPOT image analysis
reveals a slight clustering along this trend
(Fig. 8)

In the entire area covered by the Land-
sat images a total of 1 335 fracture seg
ments - the smallest number in the five
sets - were digitised in this particular set
They range in node-to-node length from
10m to 8 297 m. The mean length is
1093 m (£ 947 m standard deviation).
Total fracture length In this set is
1 460 km,

LOG FREQUENCY

Intrusives
Tankwa dolerite dyke zone

Dolerite intrusions that cut through the

Karoo and pre-Karoo basement rocks over

long distances (of the order of 100+ km)

are possible crust- or lithosphere-pen-

ctrating feeder dyvkes to the abundant sill complexes
in the Karoo basin. Such major vertical feeders are
actually rarely encountered. The Tankwa Dyke Zone
(solid red line marked TDZ in Fig. 1) is one such
noteworthy structure.

Hydrogeologically the TDZ could act as a lateral
barrier to the hortzontal migration of deep thermal
waters in the TMG and other sub Karoo aquifers
Its marginal fracture systems could also provide
vertical migration channels of relatively high hydrau
He conductivity, which may locally breach the basal
Karoo (Dwyka) aquiclude, and promote a substan
tal leakage of deep artesian water across the Cape
Karoo stratigraphic boundary

Other acromagnetic features
Several conspilecuous, NW/SE- to WNW/ESE

trending, narrow lineaments are evident on the
Magnetic Fabric map (Council for Geosclence, 1997)
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Figure 10
Langth fraquency Astograms for Spof fractures

One of these features crosses the wide anticlinal
structure of Malmesbury basement between
Piketberg and Citrusdal. 1t is also represented as a
~50 km-long “acromagnetic lincament™ on the re
cent Structure Map of South Alrica (Council for
Geoscience, 1995). On the basis of its trend and
apparently post-Cape age, it s probably a promi-
nent, although hitherto unmapped. late- o post
Karoo dyvke. Its southeastern end lies in the TMG
formations of the Olifantsherge, close to the location
of The Baths hot spring.  In its northwesterly exten-
sion across the pre-Cape basement, this acro
magnetic anomaly may trace the link between the
southern and northern parts of Gydo-Verloreviel
Megafanlt (GVM, Fig. | and 4)

Conclusions

From a hydrogeological perspective, the major struc
tural features of the study arca are as follows:
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. There is a close kinematic relationship be-
tween folding along slightly N/S axial trends
and the dominant NW/SE faulting. such that
the TMG Aquifers are compartmentalised
within fold and fault- bounded blocks

e The structural geometry of major folds, such
as the ORS, i1s such that large volumes of aqui-
fer formations are located at depths up to 3
km below sea-level in box-fold configuration,

. Four major “megafault”™ systems cross the arca
along roughly NW/SE directions, and are linked
to each other by numerous connecting splay
and cross-faults,

. Fracture-trace analysis on Landsat and SPOT
imagery (locally incorporating 3D analysis (o
reference DEMs) reveals five principal joint sets,
covering the exposed arcas of the TMG and
other formations between the (generally eroded
and superfictally covered) major fault traces,

e  Ewvidence from acromagnetic surveys supports
the correlation of certain megafault zones
across arcas of no, little or poor hedrock expo-
sure, on the premise that the mamn magnetic
anomalies are produced by major fault zones
soon after the main episode of fault displace-
ment.
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Hydrogeological Characteristics of the Table
Mountain Group Aquifers

P Rosewarne
SRK Consuliing Englrwers and Scientists, PO Box 6824, Roggebaal 8012, South Africa

Abstract

The Table Mouruain Group (TMG) occurs within the Western and Eastern Cape Provinces of South
Alrica. extending from just north of Niewwoudtville (o Cape Aguthas and then eastwards (o Algoa
Bay. a linear outcrop distance of over 900 km. A large percentage of is total thickness of >2 000 m
consists of quarntzitie sandstones. These sandstones are of Ordoviciarn (o Silurian age (500 My) and
bevause of thetr age. essentially possess zevo primary hydrawlic conductivity. However. due to a
combination of favourable Jactors such as structure and dimate, they form one of the major fractured
rock aquifers in South Afnica.

The phystographic seliing of the TMG Agudfer is extremely varted. The northern outcrops border
ot desert areas with <150 mm/ a of precipitation. while around Worcester and Ceres, precipitation is
>2 000 mm/ a. In the latter mountalnous areas, elevations reach >2 000 m, while at Eland’s Bay. the
Cape Peninsula and along the Southem and Eastern Cape coast. wave cut platforms oocur at sea
level

Over 30 major users of the TMG Aquifer have been dentified, ranging from muricipalities to
agriculture and it has major direct and indirect beneficial impacts on the hydrogealogy of the Weslem
and Eastern Cape. Borehole blow -out yields of up to 120 #'s have been recorded and hot-spring

Nlows of 127 &'s.

Introduction

Al the International Association ol Hydrogeologists
symposium held in Cape Town in November 2000,
the South African Minister of Water Affairs and For-
estry, Mr Kasrils, deseribed a large aquifer discov
ered in the Western and Eastern Cape as being, “A
Great Hidden Treasure”™. He went on to sav. “In hu-
man life terms, the Aquifer may in the long run be
more valuable than the country’s gold and diamond
wealth, for nothing can compare to clean water for
the wellbeing of our people and the sustainability
ol our economic development”.

Stirring words indeed and the aguifer being re-
ferred 1o was the TMG Aquifer. This paper provides
an overview of its hydrogeologhical characternistics,

Hydrogeological setting

The TMG occurs within the Western and Eastern
Cape Provinces, extending from just north of Nieu
woudtville to Cape Agulhas and then castwards to
Algoa Bav. a linear outerop distance of over 900 km
Isee Fig. 1), A large pereentage ol its total thick
ness of >2 000 m consists of quartzitie sandstones.
These sandstones are of Ordovician to Stlurian age
1500 My) and because of their age and mild regional

S021) 421-7182; fax 021) 425 4648,
emall; Proscusame Sk o e

metamorphism, essentially possess zero primary
hvdraulic conductivity, However, due to a combina
tion of favourable factors, such as structure and
climate, they form one of the major fractured rock
aquifers in South Africa.

The physiographic sctting of the TMG Aquifer is
extremely varied. The northern outcrops border on
desert arcas with <150 mun/a of precipitation, while
around Worcester and Ceres, precipitation is >2 000
mm/a. In the latter mountainous arcas. clevations
reach >2 000 m, while at Eland’s Bay, the Cape Pe
ninsula and along the Southern and Eastern Cape
coast, wave-cut platforms occur at sea level.

Some general characteristics of the TMG Aqgui-
fer are discussed first before introducing the differ
Ing hydrogeological domains and thelr main char-
acteristics,

Hydraulic conductivity and
transmissivity

Charactenising the hvdraulic conductivity. trans-
missivity and storativity of a fractured rock aquifer,
such as the TMG, is a bit like characterising wind
speeds in the Cape Peninsula, Le, zero o hurmicane
force. So it is with the TMG: unfractured rock pos
sessing zero hydraulic conductivity and highly frac
tured rock or single, large fractures having very high
hydraulic conductivity. Lithology and tectonic / strue
tural controls mean that these parameters will vary
considerably from place to place,
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There is also the question of applicability of the
various analytical methods for test pumping analy
sis and the relationship between hydraulie conduc-
tvity and transmissivity in a fractured rock envi
ronment. Discussion ol these two aspects 18 be-
vond the scope of this paper but means that much
of the data on transmissivity (and storativity) in
the local lerature may be suspect.

Packer or pressure head testing is the most re-
Hable method of obtainimg hvdraulic conductivity val
ues for specific sections of test boreholes.  How-
ever, there is not much information on the TMG in
the literature in this respect. The only source found
relates 1o dam foundation Investigations (Brink,
1981) and the data are reproduced in Table |

The wide range of the above figures tends to sup-
port the opening statement of this section. Drill-
ing depth is largely unrecorded but was a maximum
of 50 m at the Lakenvalley site. This means that
the above figures do not reflect the main produc-
tion zone of the TMG, which is usually >100 m be
low ground surface (see section on Deep Ground-
water Circulation).

Some individual examples of hydraulic conduc-
tivity estimates include:

Transmissivity values calculated by various work-
crs, covering the main aquifer formations and a var
ted selection of type areas over the TMG outcrop
area, are given in Table 2,

The ligures in Table 2 suggest that T values ol a
few hundred m'/d are associated with productive
fracture zones, while <10 m*/d corresponds to ma-
trix zones. The upper value for St Francis-on-Sea
Is considered to be a spurtous figure, This Is rein-
forced by throughflow calculations that were used
to guide safe vield predictions for the St Francis-
on-Sea wellfields. AT of 100 m*/d was used and
the performance of the wellficlds over 10 years of
continuous usc indicates that this was the right
order of magnitude,

Storativity

A storativity of <0.001 s generally assigned to the
TMG Aqguifers on the WRC “Saturated Indices™ map
(Vegter, 1995). In a discussion on water supply po
tential of the TMG, Weaver (2000) quotes a number
of estimates of storativity favoured by various re
searchers, as follows:

o Based on theoretical considerations and Table 1
borehole logs and Darcy analysis ol The Hydraulic conductivity measurements from dam
Baths spring flow. Umvoto (2000] calcu foundation W'
lated a range of hydraulic conductivity
of 199 m/dtwo 1.99x 10" m/d. Dam Hydraulic conductivity (m/d) | Formation
. A tracer (est in the Nardouw Subgroup
in the Villiersdorp area yielded a hydrau- Min Max Mean
lic conductivity figure of 0.30 m/d (Rose-
warne, 1991). Paul Sauver 0 043 007 | Nardouw Subgroup
. Weaver (1999) developed a conceptual Roode Elsberg 017 08s 026 | Penirsula
model of the Agrer-Witzenberg area and Lakenvaley 000 173 026 | Skurweberg
assigned a K value of 0,05 m/d to the Flareshinct 004 02 017 | Penmsula
Nardouw Subgroup
Table 2
Transmissivity and storativity values for various TMG formations and areas
Area Formation Reference Transmissivity | Storativity Analysis method
(/)
Carusdal Ponnsula Urwoto-SRK (2000) <10%200 T 106 FC*
01x10*
Strusbaa PanesulaNardouw | Weaver (1999) 1510200 86x10 Jacob
Uterbhage PeninsudaNardoun | Mackear (2001) <1010400 2x10* Unknown
05x10°
Kieinmond-Bot River | Nardouw Parsons (2001) 700320 1105x10° Jacob and FC
Kian Karoo Perns/aNargouw | Kotza (2000 1000200 10“1010° FC
Hex Valkey Rietviel Gydo Shale | Rosewame (1389 s . Gringanen 8 Witherspoon
StFrancs-on-Sea Nardouw Rosawame (1989 65102485 |18m33x10 Grnganen & Wiherspoon
* Flow charactenstc method
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. Weaver uses a storativity of 107 to estimalte
groundwater reserves as 66 billlon m’ in the
TMG within a 200 km radius of Cape Town
(Weaver, 2000)

. Hartnady and Hay (2001, in Weaver et al.. 2001)
support a storativity of 107,

. Kotze supports 107 10 5 x 107 (Kotze. 2000)

Looking at the range of values in Table 1 and the
above, 1t would appear that a figure of 0.001 or 1x10°
is a fair estimate for a bulk storativity of the Penin-
sula and Nardouw formations.

Using a rough dimensional analysis of the TMG
outcrop area and thickness gives a rock volume of
47 000 billlon m’. A significant percentage of this
volume will be above the regional water table but
there are also significant volumes of sub-outcrop
beneath the Bokkeveld Group not included. In the
light of the above storativity values, It is not un
reasonable to conclude that there are tens of
billlons of cubic metres of groundwater in storage
in the TMG Aquifer. By comparison, there is of the
order of 1.5 billlon m’ of storage avatlable in all
existing (iIncluding the proposed Skullfram Dam)
dams sourcing TMG runoflf water at full supply
capacity.

Hydrogeological domains

The TMG Aquifer outcrop and sub-outcrop arca can
be broadly divided into two hydrogeological
domains:

. Intermontane
. Coastal.

Except where there may be natural barriers to flow,
such as the Cedarberg Formation or faults, the two
domains are interconnected. The domains are, how-
ever, inhomogenous in that the major formations
within the TMG have different hydrogeological prop-
erties and potential.  This s discussed briefly in
this paper under appropriate sections but is dealt
with more fully in a separate section in this volume,
“Targets for Drilling in TMG Aquifers.”™ The
stratigraphy. lithology and structure of the TMG is
discussed in detail by De Beer (2001).

Intermontane domain

This domain covers all of the inland outcrop and
sub-outcrop arca and, in the opinion of the author,
the main characteristics of the domain are the fol-
lowing:

. Deep groundwater circulation

. Enhanced groundwater potential in adjacent
lormations

. High direct recharge from both rain and snow
melt

. There are visible targets for borehole siting

® Occurrence of hot springs

Free-flowing boreholes are common

. Associated alluvial deposits are important for
direct groundwater supply and indirect recharge

. Assoclated groundwater has very low electri
cal conducuvity (EC) and is corrosive

An additional aspect, viz, groundwater management,
is also covered as the winter rainfall area offers a
unigque approach to optimising groundwater vields.

Several specialist aspects of TMG Aquifer hydro-
geology are dealt with In full papers by other au-
thors, eg recharge, pumping tests and environmen-
tal 1sotopes and these aspects are only briefly men
tioned or omitted from this paper.

Deep groundwater circulation

The main groundwaler intersections in the TMG
Aquifer are commonly at depths of >100 m below
ground surface and geothermal evidence from hot
springs. such as Brandvlei: and Calitzdorp. indicates
that groundwater circulation to depths of up to 2 000
m can occur. This characteristic feature goes
against conventional geological/structural theory
that joint /fracture openings will close-up with in-
creasing depth due to the pressure of the overlving
rock mass. Some of the reasons for deep ground-
water circulation are put forward as follows:

. The TMG consists mainly of a thick sequence
of fairly uniform, brittle quartzitic sandstones
which would tend to fracture readily under
stress

. These rocks have been involved in a continen-
tal scale orogeny which lead to the formaton
of the Cape Fold Belt, providing ample levels
of stress to produce widespread and deep frac-
turing.

. The assoctated groundwater Is usually acidic
and low in dissolved solids. lessening the like
lihood of blocking of fractures by deposition of
minerals. Deposition of iron and manganese
oxides has/does occur but this is usually at
or near surface in response to changing
cquilibria at spring discharge points or by
pumping

. TMG sandstones are predominantly composed
of silica and so weatherning products are less
likely 1o lead o blocking of fractures.

Figure 2 illustrates the increase in yvield with depth
commonly shown by boreholes in the TMG Aquifer.

At Boschklool near Clirusdal, the main ground-
water strikes occurred at depths of 150 10 300 m,
with total blow-out yields of up to 120 ¢/s (Umvoto-
SRK. 1998),

In the Klein Karoo arca, environmental isotope
signatures of groundwater from springs indicates
that recharge takes place at much higher altitudes
than occur locally and it is postulated that recharge
takes place in the mountains and deep groundwater

-3%-
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flow along reglonal faults transports groundwater
10 its current discharge points (Kotze, 2000),

In the Hex Valley, many boreholes tapping the
Bokkeveld Aquifer vield artestan flow in the winter
months. This is considered to be In response to
recharge to the TMG Aquifer of the Hex River Moun
tains and indicates that groundwater has circulated
to depths of at least a few hundred metres,

In 1908, a 1 103 m deep borehole was drilled in
the Swartkops area north-cast of Port Elizabeth,
with an initial artesian flow of 13 &/s. It subse-
quently became known as the Swartkops Spa but
the borehole has since been destroved (Lomberg et
al., 1996).

Enhanced groundwater potential in
adjacent formations

The main geological formations bounding the TMG
are the Cape granites and the Bokkeveld and Mal
mesbury Groups. In their own right they are usu
ally regarded as low vielding aquifers and, in the
case of the latier two formations, often contain poor
quality groundwater. However, adjacent 1o the TMG,
this picture changes dramatically. particularly in the
Western Cape. This is due 1o enhanced recharge
due to the high rainfall on the TMG mountains and
the transmisston of this water into the adjacent
rocks along cross cutting structures, This low E(
groundwater also flushes out and dilutes soluble
salts. Particularly good examples of this effect are
seen in the Ceres and Hex Valleys and at Erinvale
near Somerset West,

At Ceres, drilling and test pumping (SRK. 1995)
showed that the main aquifer in terms of borehole
vield, quality and economics ix the Bokkeveld Group
not the TMG. The subject 1s dealt with in detadl in
the Ceres case study (Rosewame, 2001). Bokkeveld
boreholes yield twice as much water (<20 €'5) from
hall the depth (<70 m) and at half the cost of Installa
tion [R50 000O)

In the Hex Valley, recharge from precipitation
on the Hex River Mountains controls the gquality of
groundwater in the main Bokkeveld Aquiter and
determines the extent ol irrigable groundwater.
Figure 3 shows the fluctuation in the position of
the 50 mS/m (guideline upper mit electrical con
ductivity for irrigation of vines) iso-contour line with
time, with northward and south-westerly incursions
indicating lower and higher recharge from the Hex
River Mountains, respectively.

In both of the above arcas the main aquifer be
ing directly exploited is the Bokkeveld Group. not
the TMG Aquifer. To the north and cast of these
two arcas the Bokkeveld becomes progressively more
argillaceous and acts more as an aguitard than an
aquiler

High direct recharge

Mean annual precipitation on the higher mountain
peaks of the TMG in the Western Cape excesds 1 000
mm and over much of the catchment exceeds 600
mm. except in the areas north of Clanwilliam. In
tuitively, therefore, it can be expected that recharge
will be high in some of these arcas. In most vears
a significant part ol this precipitation falls in the
form of snow,. especially in the Hex and Ceres
Valleys, the slow melting of which adds considerably
to the total recharge. In the Hex Valley, farmers
maintain that good snowfalls in winter mean that
groundwater supplics will be more sustained towards
the end of the summer irrigation scason. The
surface of the TMG Is also conducive to infiltration,
comprising a sponge-like jointed and blocky rock
with minimal soll cover.

Recharge 1s dealt with In detall In a separate
paper but some examples of estimates are given
here as an overview, Rosewarne (1984) estimated
recharge to the TMG/ Bokkeveld formations of the
Hex River Valley at 12% of MAP in 1979, using the
argument that water levels in boreholes in 1978
and 1979 were very similar, indicating that recharge
was equivalent to pumpage dunng the intervening
irrigation scason

Kotze (1998) obtained recharge estimates for the
mountainous catchment inland of Hermanus of 11
to 30% based on arca related, cumulative depar
ture from the mean annual precipitation and chilo
ride mass balance methods

Kotze (2000) calculated recharge of 16% for the
Peninsula Aquifer and 5% for the Nardouw Aquifer
of the Kammanassie Mountains, in the Little Karoo

Mever (1999) states that recharge rates of 159
or more are not unrealistic for certain arcas of the
Eastern Cape TMG

Maclear (1996) determined a recharge rate of 25%
for the Uttenhage Springs, using the chloride mass
balance method.

Weaver (1999) used C1 and 80 data to investi
gate groundwater flow in the Agler Witzenberg arca
and obtained estimates of recharge as high as 50%

37-
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Associated alluvial deposits

During the detatled hydrogeological study carried
out by Rosewarne (19%1) in the Hex River Valley,
three types of alluvium were recognised based on
the source rocks, Le. TMG sandstones, Bokkeveld
shales and sandstones and a mixture of the twe
see Fig, 1 of the Hex River Valley case study), The
most important of these is the TMG alluvium. Apart
from the Hex Valley, important agquifers associated
with this alluvium occur in the Bree River Valley,
particularly around Rawsonville (BRGM, 1976 and
Rosewarne, 1981

Close 1o the source areas, o mountain fronts,
the alluvium consists ol thick B0 m), coarse fan
type deposits grading from silt through sand and
gravel 1o cobbles and boulders. In flood- plain arcas
the alluvium I8 finer grained

e importance ol the alluvium and 1S role In
the groundwalter regime varies [rom arca to area. In
the Hex Valley
water recharge. with only a few shallow wells, o

Is an Indirect source of ground

‘putte” as they are known locally, tapping this re

source, The main contribution I8 by leakage of
groundwater from the alluvium into the underlying
MG/ Bokkeveld Aquiler when the plezometric level

in the latter 15 drawn-down below the water table
in the alluvium

Rosewame (op coif) calculated this contribution
to be of the order of 5 million m'7a, which Is ap
proximately 25% of the total annual groundwater
abstraction in the Hex Valley. This leakage means
that boreholes in arcas overlain by TMG alluviam
show smaller scasonal drawdowns and more rapud
recoveries, oven l||.’lll1;: times of below average
rainfall 1see Fig. 3 in the Hex River Valley case
study)

In the Bree River Valley around Rawsonville, the
MG alluvial aguifer is explotied directly and some
25 million m' are abstracted annually for irrigation
ol vines (BRGM, 1976)

Groundwater quality

Groundwater assoclated with the TMG Aquifer in
mountainous regions is characterised as being
amongst the purest occurring in South Africa in
terms of EC/TDS. At Ceres, ECs as low as 4 mS/m
were measured for production boreholes at the base
i the Skurweberg and in pristine mountain catch
ments is typically <10 mS/m. However, this purity

comes at a price and the unbuffered groundwater




can have a pH as low as ~3 and be very corrosive
and aggressive, PVC and’or stainless steel piping
and litings are essential for all associated reticn-
lation.

The macro-chemical character of TMG Aquifer
groundwater in this domain reflects the ongin of
the precipttation recharging the agquifer rather than
the rock type. Precipitation is predominantly derived
from frontal systems onginating in the Atlantic and
Indian Oceans and the groundwater is therelore a
NaCl type. Figure 4 is a Piper diagram showing che-
mical analyses of groups of groundwater samples
from various localities in the TMG Aquifer.

The dlagram shows a concentration of analyses,
in the NaCl field for both intermontane and coastal
domain samples and for the various geographic lo-
calities in the TMG outcrop area.  However, there
i1s quite a spread of analyses into the Ca/Mg HCO,
and Ca/MgS0_/C1_ fickds as well, particularly among
the Citrusdal samples. Some of the latter may
possibly represent lithologles other than the TMG.

Although the bulk of the TMG Aquiler rock com-
position consists of silica, large amounts of iron
and manganese compounds are associated with
Joints and fractures and disseminated within the
rock. The low pH of circulating groundwater means
that these minerals are readily dissolved and T™MG
groundwater often contains high iron and manga-
nese concentrations, Le. >1 mg/L Problems asso
clated with this groundwater are discussed in Jolly
(2001).

Smart and Tredoux provide a detailed overview
of groundwater gquality (2001).

Visible targets for borehole siting

The Intermontane arcas of TMG are usually sparsely
vegetated and have thin or no soll cover. Accord-
ngly. fractures, faults and joints show up well on
air photographs and satellite imagery. In the field,
major features are often picked out by lines of green
vegetation cutting across the contrasting grey sand-
stone outcrop. Good examples of the latter can be
seen on the Skurweberg at Ceres, However, there
is olten no assoctated anomally when celectro
magnetic traverses are run over such leatures.

A drawback of exploiting the TMG Aquifer of the
Intermontane Domain is that much of the area s
Inaccessible for borehole siting or drilling. Large
arcas are also nature conscrvation areas and this
poses problems of access and potential impact of
groundwater abstraction on vegetation. This has
caused delays and refusal of access to prime target
arcas at Hermanus and Porterville, for example.

Groundwater management

The winter rainfall arca of the Intermontane Do
main oflers a unique opportunity to maximise/
optimise groundwater vield from the TMG Aquifer,
This area is characterised by reliable precipitation
in the range 600 10 >1 000 mm/a, which is mainly

Figure 4
Pyper dhagram
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concentrated during the pertod June to September.
Even in a ‘dry” winter such as 2000 started out be-
ing. there were still the highest snowfalls in 40 vears
in many areas of the Intermontane Domain.
Whether global warming/climatic change will lead
10 a significant reduction or loss of this winter pre
cipitation In decades (o come is bevordd the scope
of this paper.

The main demand for irrigation water Is in the
dry summer months and for peak domestic supplies,
over the Christmas and Easter holiday perfods. The
management scenario advocated (Weaver, 2000 and
Rosewame, in Weaver et al., 2001) is lor new bore-
holes /wellfields (o be developed in the TMG Aqui-
fer tor increased abstraction during the summer
months - even exceeding average recharge estimates

in the knowledge that there will be sufficient win-
ter precipitation to recharge the aguifer,

This approach acknowledges that there will be
increased drawdown in groundwater levels and de-
creased surface water low tlows but that the dy
namic use of groundwalter storage and recharge will
produce a higher catchment yield than the siatus
quo. 1t is proposed that this groundwater manage-
ment approach be termed Summer Overdraft.

In many parts of the Intermontane Domain there
are catchments where water allocations /availabil-
ity from springflow or surface water low flows are
regarded as ‘cast in stone’, e g the lower Hex Valley
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and Klein Karoo. Any perceived interference in such
flows 18 met with swilt recourse (o litigation,. How-
ever. springflow and surface water low flows or
baseflow represent gravity overflow of groundwater
from compartments and is a minimum catchment
vield. This can be increased significantly by pump-
ing boreholes to exploit groundwater in storage and
creating increased reservolr volume to absorb ex-
cess precipitation.

This type of groundwater management is prac-
tised in areas such as the Hex River Valley and the
Agter-Witzenberg (Weaver, 1999). However, prob-
lems of partial recovery and saline water intrusion
can occur in ‘dry’ years because many boreholes
tap the Bokkeveld Aquifer. away from the main re-
charge zone.

The quantity and rate concept of agquifer yield
applics here, where total recharge to a catchment
may be equal to or exceed the annual groundwater
abstraction but the rate at which the water moves
into the arca of withdrawal does not (Rosewame,
1981). Because of this, the summer overdraft ap-
proach o groundwater management will only work
consistently where the following conditions collec-
tively exist:

Exploitation s directly from the TMG Aquiler
Intermontane Domain of the TMG Aqguifer
Winter rainfall area

Mean annual precipitation 600 to >1 000 mm,

The new Water Act also allows for a more dynamic
approach to catchment water management rather
than the blinkered approach of the past. although
Cape Nature Conscervation policies appears o be
in direct conflict with the abovementioned approach.

Coastal plain

This domain s mainly developed along the South-
ern Cape Coast between Cape Hangklip and Mossel
Bay and from Oyster Bay to Port Elizabeth and com-
prises a wave-cut platform. bounded inland by foot-
hills of coastal mountain ranges or differing geo-
logical formations. The characteristics of this
domain are as lollows:

. Comprises a wave-cut platform

. There is usually a covering of Quaternary sands
and calerete

Shallower groundwalter occurrence

Lack of visible targets for borehole siting
Possibility of seawater intrusion

Moderate to poor groundwater quality
Indirect recharge

Associated with cold springs.

Shallower groundwater occurrence

The seaward boundary of the Coastal Plain 18 the
discharge zone of this domain. with the saline/
freshwater interface basically being an imperme-

able boundary. The upper boundary Is a wave-cut
platform, which implics that the previously overlying
rock mass has been eroded away, as discussed
above.  The presence of saturated sands overlying
the TMG Aquifer in many areas also gives rise (o
shallow groundwater occurrence, It is therefore
likely that groundwater circulation will be shallower
than in the Intermontane Domain. Evidence from
vartous localities in the Coastal Plain points to this
being the case,

At St Francis-on-Sea boreholes were drilled to
200 m In an inital exploration drilling programme.
In the later main driling programme, the optimum
depth was found to be ~90 m, with equivalent or
higher yields being obtained when compared to the
initial drilling programme (see St Francis-on-Sca
case study),

There is also a psychological reluctance to drill
deep boreholes on the Coastal Plain i the topo-
graphic elevation above sea level Is only a few tens
of metres,

Borehole siting

The covering of sand and calcrete means that Lar-
gets for borehole siting such as faults. fractures
and joints are often not visible. Location by means
of geophysics below 20 to 40 m of overburden is
also problematical, especially given that such
features do not necessarily produce an anomaly even
when exposed at surface,

This problem was encountered at St Francis-on-
Sea when developing a wellfield to supply up to
60 ¢/s to the town (Rosewarne and Lomberg, 1989),
Alter consideration ol vanous options and after sev-
eral trial holes had been dnlled. it was concluded
that boreholes could be sited virtually anywhere
within the sub-outcrop of the Nardouw Subgroup
and strike exploitable quantities of groundwater,
This was attributed to bedding planes being the
main conduits for groundwater flow amnd storage,
With a dip of ~50" to the NE. every borehole was
virtually guaranteed to intersect a number of water-
bearing features. In this way, 15 boreholes were
drilled with only one fallure and the rest giving long-
term yields of between 2 and 11 Us

The situation at St Francis-on-Sea seems o be
fairly unique and borehole siting at places such as
Port Elizabeth and Gansbaal has not been as suce
cessful, even when using alds such as electro-
magnetics surveys. These sites are developed on
sandstones of the Peninsula Formation. which tend
to be more massively bedded.

Seawater intrusion

In coastal TMG Aquifers, fractures/bedding planes
extend Into the sea and there is free interconnect-
ivity between fresh groundwater inland and
scawater, The risk of seawater intrusion, or
detertoration in groundwater quality, 1s therefore a
function of management practices rather than
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simply the distance of a borehole from the sea and
whether the water table is drawn-down below sea
level.

In arcas susceptible (o scawater intrusion, con
tinuous pumping at relatively low rates from a
number of widely spaced boreholes Is the recom
mended management scenarto,  On-ofl pumping of
single borcholes at high rates creates (urbulence
and is potentially a much greater threat than draw
ing the water table/plezometric surface below sea
level as a result of decreased borehole efficiencices
and/or chemical encrustations,

In this respect, the peak scason overloading of
the water supply systems of coastal resort towns
is of concern. There is a great temptlation o in-
crease borehole pumping rates and duration rather
than face the wrath of holidaymakers and ratepayers
If the water supply runs out over Christmas or
Easter.

Weaver (1999) investigated sources of salinity
in the Struisbaal Aguiler and concluded that salinity
in the old wellfield is probably due to a degree of
seawater Intrusion.

Lomberg et al. (1996G) report that borcholes within
200 m of the beach at Summerstrand in Port Ellza-
beth show a rapid change from [resh to saline water
during pumping. Owners report that when the bore
holes are next pumped. fresh water Is again ob-
tained initially.

In 1991, sixteen boreholes were drilled on the
main refinery site at Mossgas for insertion of cath-
ode protection equipment. These boreholes all pen-
ctrated the TMG Aquifer to depths of up to 150 m
and, in all cases, the driller reported the ground-
waler as brackish (J Myburgh, pers. comm.). There
are only a few windpumps in the arca, although
there are some high vielding boreholes a few
kilometres away. The TMG is ughtly interfolded
with Bokkeveld rocks which may be a source of
salinity.  Residual salinity could also remain from
the marine transgression that formed the wave cut
platform in this area, with the intercalated
Hokkeveld shale aquicludes retarding Mushing and
dilution

Groundwater quality

Groundwater in the Coastal Domain is postulated
10 have a generally longer residence time than that
assoctated with the Intermontane Domain, This is
certainly true of the throughflow component, which
may have travelled many tens of kilometres along
the axis of the feeder mountain chain, e.g. St
Francis on-Sea. There is also the component of
indirect recharge from the overlying sediments
I'hese factors combine to give a higher level of dis
solved solids and a dillerent chemical character to
the Intermontane Domain groundwaler,

Electrical conductivity is normally in the range
50 10 100 mS/m and the chemical character of the
groundwater is more of a mixed type. with a CallCO
component derived from calerete and shell material

and NaCl from throughflow (originating as inter-
montane domain recharge).

The Port Elizabeth Municipal area is an excep-
tion to this generalisation. Rescarch into ground-
water use within the municipal arca (Lomberg op.
el ) showed groundwater gquality was atypical for the
TG Aquifer. Although the two water types previ
ously mentoned are also found here, Le. CaHCO,
and NaCl, there s a far greater range in EC of from
50 to 819 mS/m. There are also often very large
vartatons i groundwater quality in boreholes a few
streets aparl.  Since this is the only Instance ol &
major city being sited on the TMG Aquifer it was
concluded thal a combination ol point source con-
tamination from leaking sewers, industrial sites,
old waste disposal sites, informal housing. irrigation
and other such activities was the cause of this
situation.

Indirect recharge

Where the sand cover is saturated it acts as a source
of indirect recharge, as with the TMG alluviom of
the Intermontane Domain. Apart from lessening the
effects of drought. this recharge also changes the
chemical character of the TMG Aquifer groundwarter
due o dissolution of calerete and shell material,
The basic recharge Is derived from throughflow from
the inland Intermontane Domain.

Vulnerability of TMG Aquifers to
contamination

Over its entire outerop area, the upper formations
of the TMG Aquifer can be regarded as being uncon-
fined. Fractures, joints and bedding planes are open
at surface and any "soll’ covering tends 10 be per
meable aoeclian sand with calerete lavers, or
alluvium,

Much of the TMG Aquifer recharge area s inac-
cessible and occurs outside of arcas of urbanisa-
tion. However, there are many large towns and one
city. Port Elizabeth, located on or partially on the
lower-lying areas of the aquifer. Ceres. Villiersdorp,
Hermanus, Caledon, St Francis-on-Sea and Port
Elizabeth, for example, all have waste disposal sites
situated on the TMG Aguifer.

The first four towns are all in areas classified
as having a waler surplus or B+ according 1o DWAF's
Minimum Requirements for Waste Disposal by
Landfill Document, Le. they will produce leachate
The waste site at Ceres 1s known to be contami
nating the TG Aquifer and is dealt with in detail
clsewhere in this volume as a case study. The site
Is close to horehole sites for fulure expansion of
the existing wellfields at Ceres (SRK. 1993) and one
or possibly two of these sites would probably not
be developed because of the threat of contami
nation.

In Port Elizabeth, the current main wasie site
at Arlington 1s not contaminating the underlying
Recent sediments or TMG Aquifer because it IS in
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However., urbanisation

a water deficit or B- area
has led to the development of atypical groundwater
quality beneath the main city area, as described

previously. This is described In more detall in the
case study on Port Elizabeth in this volume

Groundwater use

Over 30 major users of the TMG Aquifer have been
identified. ranging from municipalities to agricul
ture and it has major direct and indirect beneficial
impacts on the hydrogeology of the Western and
Eastern Cape. Borehole blow-out yields of up to
120 ¢/s have been recorded and hot - spring flows of
127 U s.

To give an indication of the importance of the
TMG Aquifer, the major towns using groundwater
from this source are listed in Table 3, along with
estimated daily usage. Table 4 lists the major
springs emanatng from the TMG, with flow rates
Locations arce all shown on Fig. 1.

Some examples of other groundwater use and
cstimates of reserves gives further indications of
the importance and potential of the TMG Aquifer

. It was conservatively estimated by Umvolo-
SRKlop. cir.) that 60 Mm*/ a could be abstracted
from the CAGE catchment arca centred on
Citrusdal without impact on the environment.

. Modelling of the catchments of the Amandel
and Sandrif Rivers in the lower Hex Valley in
dicates that there could be an additional
20 Mm*/a of groundwater avallable.

. Regional areas where significant abstraction
of groundwater occurs either dircetly or indi
rectly from the TMG Aquiler include the Agter
Witzenberg, Hex Valley and Klein Karoo arcas.,

Conclusions
The TMG Aquifer is one of the most important re

gional aquifers occurring in South Africa. This can
be attributed to the following:

. Large acreal extent

. Great thickness

. Development of an extensive network of frac
fures

. High orographic precipitation.

Two hydrogeological domains are recognised. viz,
Intermontane and Coastal Plain.  Their character-

iIsties are:

Intermontane Domain

. Deep groundwater circulation up to thousands
of metres

. Enhanced groundwater potential in adjacent
formations

. High direct recharge up o 30% and possibly
50% In places

Major mT:u.n’M Aqu
groundwater
Town Daily usage ()
Abertra 700
Caledon F.. |}
Ceres 450
Hermanus E=l
Humarsdop 1850
Jeffreys Bay 20
Lambarts Bay ¥
Plemanberg Bay %0
Sterytervile 20
StFrancs-on-Sea 2000
Uenhage &0
Table 4 ing
from the TMG
Spring Flow rate (t's)
Baden B
Brandvies | F
Calodon 94
Caltzdorp 8
Goudn n
Mortagu ®
The Baths P
Usenhage Q
(from Meyer, 2001)

. Visible targets for borehole siting
. Occurrence of hot springs flowing at up to

127 Us
. Free-flowing boreholes common
. Assoctated alluvial deposits are important lor

direct groundwater supply and indirect recharge
1o underlying aquifers

. Assoctated groundwater has very low EC, is a
NaCl type and Is corrosive.  lron precipitation
i1s often a problem.

Coastal Plain Domain

. Comprises a wave-cut platform

There is usually a covering of Quaternary sands
and calcrete

Lack of visible targets for borehole siting
Shallower groundwater occurrence

Indirect recharge

Possibility of seawater intrusion.
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Within these domains, the differing formations ol
the TMG have differing hydrogeological properties
and targets for explottation vary from area to area,

Being essentally unconfined. the TMG Aquifer is
vulnerable to contamination in the lower lying ar-
cas of the Intermontane Domain and the Coastal
Plain. This is particularly seen in the atypical
groundwater chemistry developed beneath the main
urbanised areas of Port Elizabeth,

The high winter rainfall of the Intermontane Do-
main lends itself 1o heavy pumping during summer
peak irrigation and domestic demand times,  The
new water laws also allow for a less blinkered ap-
proach to catchment water use than in the past.
The more dynamic use of groundwater storage and
recharge, termed summer overdraft in this paper.
will produce a higher catchment yield than the sta-
tus quo. The TMG and assoclated Bokkeveld Aqui-
fers are unigue in this respect and offer an exciting
opportunity to increase and optimise catchment
waler management.

Over 30 major users of the TMG Aquifer have
been dentified and 1t s estimated that there are
tens of billions of cuble metres of groundwater in
storage. This groundwater is indeed a “Great Hidden
Treasure®,
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Part 4. Expioraton

The Role of Remote Sensing in Exploration
for Deep Artesian Groundwater Within the
Table Mountain Group

RW Harris' and ER Hay**
F Geodatex oo, 307 Nederburg 166, Ocean View Drive, Sea Polne 8001, South Africa
“Umrvoto Africa cc. PO Box 61, Mutzenberg 7950, South Africa

Abstract

Remotely-sensed data incdudes all forms of spectral and geophysical data collected from atr or
space, which require integration with data sets obtained from the ground for meaningful interpretation.
Data sets are acquired in digital format or can be converted by scanning or digitisarion.  Geographic
information systems (GIS) allow these data sets to be easily viewed in any combination as overlays
on reference maps, In the Table Mountain Group (TMG) Jractured rock aquifers, the quantitative
mapping of the three dimensional folded and Jaulted geomertry of aquifers and aquitards, and the
location. spacing and density of fracturing. s of paramount importance. Analysis of the orientation
and geometry of key hydrotectonic features requires three dimenstonal remaote sensing technigues,
supported by ground - truth fleld observations, in conjunction with a digial etevarion model (DEM) of
the same area,  In TMG terrain structural inderpretation should be carmied out at various scales
between Landsat (1:250 000 to 1:100 000), SPOT (1:30 000). and aerial photograptoy (1: 10 00)
to establish the scaling relationship between the fault and fracture arrays and hydrawlic connectivity.
Quanutative processing of DEM tmagery (s useful for mapping fractuwre and lineament pattems that
can be obscured in spectral images, but are etchexd in the topography. This factlitates automated
mapping of fracture traces, production of surface exture models as akds to lithotogical mapping,
precise delineation of watersheds, drainage basins and flow lines, and accurate determination of
aquifer volumes in three<imensions.  Landsat data and rdght time thermal tmagerny can be processed
to enhance vegetation patterns for dentification of springs, seeps and wetdands in recharge / discharge
areas. “Change vector analysts™ (CVA) of winter and suwruner imagery also has hydrogeologioal
applications. Ground controlied classification methods on mudtispectral or hyperspectral datasets
carn produce refiable digital maps showing the distribution of vanous vogetation covers and exposed
bedrock arvas. which. when linked to DEM dertved slope and aspect models, are invaluable for
runoff stimudation and groundwater recharge modelling. The MODIS nestruwment on the new Terra
satellite has boen designed for direct sensing of environmerntal parameters such as temperature and
surface molsture, and will soon provide researchers with key climatic variables for recharge modeiling.
at high temporal and moderate spatial resolution. The possibifing now exists o develop methodologes
and toos for integrated water resource management EWEM) using a map centric knowledge system
[from a vanety of disciplines

Introduction Data and interpretative
methodology

The interpretation of remotely sensed data i1s a sub

ject that covers a wide range of data types, scales Airborne data typically includes photography. ra
and applications, and is highly specialised, Remote dar and radiometrics. Satellites detect electromag
Iv-sensed data includes, by definiton, all forms ol nete radiation (EMR) within specific bands of wave
spectral and geophysical data collected from air or length in which there are “windows™ of atmospheric
space. These data need 10 be integrated with all transmission. which are not absorbed by gases in
data sets obtained from the ground, such as geo the atmosphere. Windows occur throughout most
logical and topographic data. in order to achieve the of the EMR spectrum, ranging from ultraviolet,
most meaningful interpretation through visible light. reflected infrared. thermal

femitted) infrared and microwave (radar), No sin
gle satellite is capable of covering the entire range
of these windows In the spectrum but the various

* To whom all cormespondencoe should be addressed satellites inorbit, as a group. cover most of it. Every

MO21) TRRBOIL; fax (02]1) 7886742 natural or synthetic objecet reflects and emits EMR

E-mali: umooier mueh.ooza over a range of wavelengths and therefore has its
47
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own spectral signature. 1f these wavelengths match
up with a window of atmospheric transmission they
will be transmitted through the atmosphere and can
be detected by one or other satellite with the ap-
propriate frequency bandwidth.

Most data sets are in digital format and those
that are collected in any other form. such as acrial
photography. topographic contours and geological
map data are commonly converted into digital form
by scanning or digitisation. These data sels are
then casily viewed on computer in any combination
as layers (files) that are stacked on top of each
other. The different data sets can also be proc-
essed; for example, a total field magnetic data set
can be processed Into vertical and horizontal de-
rivatives. to enhance structural features.

Vegetation is of prime importance for hydrologl-
cal exploration as vegetation changes between the
dry and wet scasons can indicate where spring flow
and scasonal seep zones (inter alia) supporting
ephemeral aquatic systems occur (Le Maltre et al,,
2001). This can be determined by comparing satel
lite images taken in winter and summer months
for a given area. This use of remote sensing tech-
niques shall be most useful In both reserve
determinations, dentification of recharge and dis-
charge sites as well as recharge calculations. The
latter s more fully discussed in this paper (Le Maitre
ct al., 2001\

Rock types of diflering weathering patierns have
different “texture” in satellite images. For exam-
ple. the resistant sandstones of the TMG form high
mountains and are deeply Incised by river courses,
whereas granites or shales tend to weather nega-
tively and are generally covered by soil or alluvium,
Contacts between contrasting lthologies can be
seen on most satellite images, and this upgrades
geological mapping

Interpretation of remotely sensed data can be
carried out either on hard-copy plots or on screen.
Before embarking on an interpretation lor any given
area, careful consideration should be given to the
types of data sets that need 1o be interpreted,
processing. extent of the map area, scales of inter-
pretation, and usefulness of the finished product.

In terms of deep artesian groundwater explora-
tion the interpretation should highlight Hthology,
fracturing. faulting and folding so as to model or
predict the form and geometry of the Peninsula and
Nardouw aquifers at depth, areas of recharge. flow
along faults and fractures, and discharge along
aquitards such as the Cedarberg Formation. This
interpretation of the key components of the regional
flow path patterns should be based on detailed pub-
lished and unpublished geological maps as well as
remotely sensed data with delineation of faults and
fractures at various scales from all data sources.

Scale and resolution

Landsat T satellite data should be interpreted at
scales of 1:250 000 to 1:100 000 as the resolution

of this data is approximately 30 m only. Faults and
fractures delineated at these scales would define
the larger and decper structures in the crust. Pan-
chromatic Landsat 7 ETM data can be interpreted
at 1:50 000 as its resolution s 15 m. Interpreta-
tion at this scale would give more detail on the
smaller faults and fractures. SPOT Panchromatic
has a resolution of 10 m and can be interpreted at
a scale of at least 1:30 000, offering more detail on
these structures.  Aerial pholographs have a scale
of greater than 1:10 000 and a resolution of less
than 5 m and consequently offer the most detadl,

The interpretation should be carried out at van-
ous scales in order (o determine the scaling rela-
tionship between fault and fracture arrays and hy-
draulic connectivity. It should preferably be started
at a scale of 1:250 000 to 1: 100 000 to delineate the
regional faults and fractures, and a regional cross-
scction should be drawn through the area of inter-
est to check that the interpretation is compatible
both In plan and cross-section. As in the mapping
of lithological contacts this process upgrades geo
loghcal mapping.

Any Interpretation can then be checked in the
ficld In terms of bedding. structural measurements
and Ithology. Interpretation in specific target ar-
cas should then be carried out at scales of 1:50 000
1o 1:30 000 for actual drill target sites and these
target areas should also be field checked, The final
interpretation should include a set of mmps at dif-
ferenmt scales and a set of sections, which are all
compatible and useful for exploration for deep ar-
testan groundwater.

Structural geology

The mapping and analysis of geological structure is
of paramount importance in the TMG aguifers. in
that a good understanding i1s required of the three-
dimensional folded and faulted geometry of both
aquifers and aquitards, and the location, spacing
and density of fracturing in the fractured rock agui-
fers (see paper titled “Use of structural geology and
remote sensing in hvdrogeological exploration of the
Olitants and Doring River Caichments™ in this vol-
ume). Construction of three-dimensional models
and cross sections requires @ considerable amount
of structural information to be gathered. including
a statistically significant number of readings of
strike and dip of units where statistical methods of
structural analysis are to be applied, such as In
determining cylindrical domains for the construc:
tion of down-plunge projections,

Acquiring these amounts of data by field collec-
ton is tme-consuming. costly and sometimes dan-
gerous in the TMG outerop area. Regional mapping
of geologhcal contacts as an input to these models
can be readily and accurately undertaken using re-
mote sensing in the TMG (see Fig. 1) Given the
contrasting composition of the units concerned in
terms of quartz and clay-mineral content, false col-
our RGB combinations of Landsat TM bands 3. 5, 7
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satellite and acrial imagery. Although useful for frac
ture density studies and basic mapping of these
patterns, these methods need to be applied with
caution in the area of the TMG aquilers, especially
when undertaking orfentation analyses. Given the
Iupuul.aph\ of the arca, the construction and inter
pretation of two-dimensional rose diagrams of the
ortentations of lincaments and fractures can be
crroneous, since the trace orientations ol these
features as reflected In an image are dls)n‘r\rd v
topography il the fractures and lincaments being
analysed are not vertical

Shallow-dipping faults and fractures are known
to occur throughout the Cape Fold Belt, and non
vertical radial and conjugate joints related to the
fold structures are pervasive and important as wa-
ter transfer and permeability - enhancing structures
Correct analysis of the orientation and geometry ol
these key hydrological features requires the appli
cation of three-dimensional techniques, supported
by field observations to ground-trath the data ac-
quired from images

Digital elevation models

Processing of digital elevation models (DEMs) should
be an integral part ol any remote sensing study ol
the TG aquifers. These data are useful for map-
ping fracture and lineament patierns, especially in
arcas allected by human activities where the traces
of major lincaments. faults and fractures tend to
be obscured in spectral images, but are preserved
in the topographic record stored in a DEM

Integration of DEMs with image data for vegela
tion and stroctural analyvses has already been dis
cussed, DEMs are essential in order 1o apply
shadow removal techniques 10 enhance images in
arcas of pronounced topography. enabling a better
product for mapping and interpretation. DEMs are
necessary for the production of ortho-rectified un
agery and. since it s desirable that all mapping and
interpretation be based on AP COrres ted Images.
they are Indispensable where researchers do not
have access to ortho-images created by a third party
DEMs are useful for automalted mapping of fracture
traces, for identifving slope breaks and nick points
for mapping watersheds, drainage basins and flow
lines, to produce surface texture models as an aid
o automated lithological mapping. and for deter
mining aquifer volumes in three dimensions

Sun shaded DEMs enhance subtle topographie
features, and when digitally combined with trans-
parent satellite, geophysical or other imagery, be
come powerful aids in interpretation, such as, for
example. locating the surface expression of a geo
physical anomaly (See Fig. 2A-D). First order trend
filters of a DEM provide models of the regional topo
graphic gradient, whilst higher order trend filters
supply information on local wopographic gradients,
all of which can assist in determining reglonal to
local groundwater Mow directions

Figure 24
Digttal edevadon mode! (DEM) sunshaced from the south-mwes! (Sun
Azmuth 245°SW. Sun Elevation 25° and varcal exaggeraton 2x) at
e Quotshoom and Kammanasse Mountans

Svaartberg Range

Kammanassie Anticline

DEN
backdrop
fo
MAP data

Figure 28
Mean annual precevtanon (MAP) overian on the sunshaced DEM
revedls the dspanty m ranfal over the Pennsua and he Nardouw
AQuifers of the Table Mountain Group
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Figure 2C
Colour DEM of area including Oudtshoom and Outengui range. ovevian on Landsa! panchromanc
background Elevations < 480 m i wolef and > 550 m in red. Blue - 0range ranbow COOW SCIe
emphasises high-level fertary land suface on northem siopes of Outenwguas.

Figure 20
GIS based geclogy overtan on the sunshaced DEM in Figure 3A shoawng cleanty how the Table Mountan
Group dominaties the Dronounced Mon-Hing Ipogrigily A% 8 overtan By rocks of he Litenhage Qroup i
the syncinal valey of the Ofants Aver in the Gountz water management area (WMA)

A DEM enables a re
searcher 1o examine the
arca ol interest in a three
dimensional simulated
model Ihis entatls digit
ally draping imagery or a
digital geological map on
the DEM, with the capa
bility of Niving over (See Fig,
1) or around the area so
as to examine the arca
from any vantage point, De
sides the obwious benelits
for enhancing presenta-
tons and making the arca
more understandable 1o
those unfamiliar with the
terrain, these models can
be invaluable in the inter
pretation process. For ex
ample. the validity of in
terpreted structural line
aments can be assessed,
since geological linea-
ments have a topographic
expression, whereas man
made lincaments incor
rectly mapped as part ol
the interpretation do not
have topographic expres
sion on a vertical scale
that will be detected In a
three-dimensional simu
lation

By setting a vantage
point so as to place the
viewer looking down the
plunge of fold structures
the cross-sectional geom
elry of exposed fold strx
tures can be seen, and
used as control lor the ge
ometry reflected in geolog)
cal sections, In the case
of the TMG, the geometry
of thrust and other faul
structures can be readily
isstessed using these
simulated models

Mapping of vegetation
springs and seep
zones

Specilic problems are en
countered when examining
the TMG aguilers, which
are most cost-ellectively e

solved through the use ol
remote sensing data. The

regional extent of the aq
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Groundwater recharge

Remote sensing has a role 1o play in providing in

formation for recharge and infiltration calculations

See paper ttled "Towards ‘map-centric’ simulation

modelling of TMG recharge”™ in this volume). Vege

tation density maps, produced from NDVI models
or vegetation band ratlos, serve as one input to

these calculations (arcas of reduced runofll but

possibly higher abstraction through transpiration

losses). By using ground controlled supervised olas

stlication methods on multspectral or hyperspeciral

datasets It Is possible o produce reliable vegeta
ton maps at scales of up to 1: 100 000, which. when
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Figure 5

useld as input N0 runclf

rived from a DEM are further aids in runof!/infil
tration modelling Isee Fig. 5
More recent satellite sensors such as the Terra

MODIS mstrument have been designed for direct
sensing of environmental parameters such as tem
ind surface moisture, These new sen
in the [uture

kev climatic variables for recharge modelling, at high

perature

sors will provide researchers with

temporal and moderate spatial resolution

Conclusion

e

gles and tools for Integrated water resource

possibility now exists to develop methodolo
man
agement [TWRM) using map-centric knowledge sys

tems [rom a variety ol professional disciplines. This

step requires a paradigm shift from multdisciplinany

to interdisciplinary understanding, appreciative of

the variety of interpretations and overlays implicit
in the digital data sets The concurrent develog

ment ol visualisation wwols for

and l"’\;ll‘l\' of multilavered

Iricndly
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LUsCl neail

real time access

geospatial data sets data sets will lead to improved
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Part 4 Exploration

Geophysical Techniques Appropriate for
Exploration of Table Mountain Group Aquifers

L Fraser'* and Q Stemmet?
Environmentek, CSIR, PO Box 320, Stellenbosch 7599, South Africa
‘Groundwater Consulting Services, PO Box 328, Plumstead 7801, South Alrica

Abstract

The geophysical technigques that can be applied (0 groundwater exploration in general in South
Alrica include the seismic reflection and refraction. gravity, magnetic, electromagnetic and
electrical resistivity methods. Most of these techniques have been applied (0 groundwater
exploration of the Table Mountain Group (TMG) Aquifer. The electrical resistivity method are
widely used and accepred as the most reliable method jor explovation of the TMG Aquiter. The
clectrokinetic and magnetic resonance sounding technigues are recently developed techniques that
can direcily detect the presence of groundwater in the subsurface, These o methods have been
applied to fractured aquifers in South Africa. but the feasibility of applying these tuwo methods (o
the TMG Aquiter should be investigated. The mourttatnous terrain associated with the TMG rocks
makes most geophysical surveying impractical and difficult to interpret and most prominent
geophysicists in South Africa agree that geophysical explovation in the TMG has been insuffictent,
Geophysics s still a cost¢ffective and ¢fficient (ool [0 minimise risk assoctated with randomly

drilling boreholes.

Introduction

Geophysical surveying involves the measurement
of & physical property of the subsurface. at the
carth’s surface, that can then be interpreted in
terms of the subsurface geology. Geophysical
Investigations in groundwater exploration are used
as a non-invasive tool to entily drilling targetls
prior to (exploratory) drilling. Several diflerent
geophysical methods are used in groundwalter
exploration, including seismic reflection and
refraction, gravity., magnetic, electromagnetic and
clectrical resistivity methods, Most of these
techniques have been applied to groundwaler
exploration in the TMG rocks: either directly through
exploration of the TMG Aquiler or indirectly through
mvestigation of the overlying sediments. The
clectrokinetie and magnetic resonance sounding
techniques are fairly recent developments in
geophvsics that can directly detect the presence of
groundwater. These have not been applied 10
exploration of the TMG Aquiter

The mountatnous terrain associated with the TMG
rocks, makes most geophysical surveving impracti
cal and difficult o interpret. The different geophysi
cal techniques that can be applied to groundwaler
investigations are introduced below in terms of their
application to groundwater exploration in the TMG

* To whom all cormesporclence showld be addressed
W02 BER 2699 fax (02]) B8N 2682
E mall: Uraser csircom

rocks. More detailed information regarding the dif-
ferent geophysical technigues can be obtained from
the publications noted in the bibliography at the
end of this paper,

Interviews and previous work

All the major geophysicists (and prominent users of
geophysics) in South Alrica were contacted with re-
gards to geophysics in the TMG. The inlerviewees
include Johan de Beer, Reinhard Meyer, John Wea-
ver, Jeff Jolly., Edgar Stettler, Mike Smart, Schalk
Mever and Peter Rosewame. The following general
comments about geophysics in the TMG are signifi-
cant

. Everybody agreed that insuflicient geophysics
has been done in the TMG,

o The conventional technigues that can be suc
cesstul in the TMG are the resistivity and clec
tromagnetic methods. Microseismicity has been
applicd 1o the Worcester fault (pers comm. Mike
Smart)

. Geophysical data related to the TMG rocks were
acquired in arcas where the iInvestigation tar-
get overlies the TMG, e g seismic velocities of
the TMG rocks in the Bree River valley were
determined during an investigation of the over
Iving alluvium (pers. comm. Reinhard Meyer)

. Acromagnetic and regional gravity data can be
used to delineate large-scale structures in the
TMG (pers. comm, Johan de Beer; Rosewame,
2001 ), These methods are, however, only use-




Part 4. Exploraton

ful where dolerite dyvkes have intruded into the
structures (Hartnady and Hay, 2001). The data
are regional and should be used for remote
sensing only. The field positions of the struc
tures should be accurately delineated using
field geophysics. It should also be noted that
the acromagnetic and gravity anomalies do not
provide direct information about the ground
wialter assoctated with the structures (pers.
comm. J de Beer)

. The typical targets in the TMG are lincarly ex-
tensive fractures that are connected to other
walter bearing fractures.  Traversing will thus
be highly successful as an exploration tool
(pers. comm. Peter Rosewarne)

. It the geophysical surveying applied to a cer-
tain study area is not based on theory and a
clear understanding of the method and results,
then geophysical surveying is used as a divin
Ing tool.

. Geophysical surveying should be calibrated us-
Ing avallable borehole Information (ground-
truth) and/or correlation between several dif-
ferent geophysical methods.

Seismic method

During seismic surveving pulsed acoustic energy Is
generated at the canh’s surface. This energy s then
propagated into the subsurface and reflected or re-
fracted at an acoustic inpedance interface in the
subsurface. The two-way travel time of the reflected
or refracted events, measured at the carth's sur
face. can then be interpreted in terms of the geology
of the subsurface 1f velocity land density) informa
tion s avallable for the subsurface. Seismic data
can be used to accurately delineate linear structures
in hard rock terrains (e, fault structures) as well
as determine depth of weathering (depth 1o bedrock)
if velocity data and/or groundtruth is avallable for
the study area.

TMG quarizites have a significantly higher veloc:
ity than the argillaceous lithologies of the TMG, the
underlying Malmesbury Group rocks and the over
Iving Bokkeveld Group rocks. The velocity of the
granite of the Cape Granite Suite s comparable to
that of the quartzites. The fact that the quartzites
have a higher velocity than the interbedded shales
and underlying Malmesbury rules out the use ol
seismic refraction techniques (because critical re
fraction can only ocour when the velocity of the over-
Iving laver is lower than the velocity of the underly
ing layer). The seismic reflection technigue in gen-
eral 15 only successful where the sedimentary strata
are flat-lying or have a low dip. The mountainous
terrain that typifies the TMG strata will make reflec
tion studies logistically difficult and very costly. In
the highly folded areas reflection data also will be
very complex and difficult 1o interpret.

Electrokinetic sounding method

The clectrokinetic sounding (EKS) technique 1s an
clectrosetsmic method that relies on the presence of
groundwater in the subsurface for the generation of
the clectrokinetic signal. The surfaces of mineral
grains In rocks have net charges and groundwater
is clectrolytic in nature. Thus In saturated rocks.
an eclectric charge are produced at the contact be-
tween the water and solid, resuling in an electri
cally double-layered fluid. A mechanical disturbance
[seismic) propagating through this water saturated
medium will result in relative movement between
the solid and fluid phase. This relative movement
will induce electric current to flow in the water satu-
rated medium with an assoclated electromagnetic
ficld generated (electro). This electromagnetic field
is then measured at the earth’s surface (Fourie et
al.. 2000).

The EKS technique has been applied to the Karoo
rocks In South Africa. This technigue might be suc-
cessful in similar hard rock environments, where a
high permeability contrast exists between the frac-
ture zones and surrounding rock (Fourie et al, 20000
It has however not been applied to the TMG rocks.
The feasibility of applymng the EKS method to
groundwater exploration in the TMG should be in-
vestigated.

Gravity method

The gravity method entalls measuring small local
variations in the gravitational field of the carth that
are caused by changes in the density of the subsur-
face. The density changes are in tum related o sub-
surface geology. However, gravity data do not have
wide application in groundwater exploration: regional
data can be used 1o model gross structures and (o
follow out trends but gravity data will not be very
useful to study spectfic water-bearing features.,

The prominent fault structures in the TMG can
be mapped using gravity surveving. but it is expen-
sive and time-consuming and does not provide In-
formation directly related to the groundwater asso
clated with the specific structures.

Magnetic method

During magnetic surveying, local variations in the
carth’'s magnetic field are measured. These varia-
tlons are mostly caused by local magnetic minerali-
sation. Most magnetic mineralisation s magmatic
in origin and the magnetic method IS thus not very
useful In sedimentary terrains without magmatic
intrusions. In exceptional cases the weathered prod-
ucts of fault zones can be mineralised and have a
magnetic signature. Then such features could be
traced on magnetic data,

However. hydrous ferric oxide (Fe O nH O), com
monly Kknown as iron oxide, precipitates and depos-
its in the fault zones and fractures of the TMG. This
mineral Is not magnetic and will not give a magnetic
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signal - Le. a fault zone with ron oxide will not be
detected by a magnetometer. 1t is important to note
that if the geophysical method used for a specific
study Is not based on sound theory and a clear un-
derstanding of the method and the results, then
geophysical surveyving is used as a divining 1ool. The
magnetic method s often used as a divining ol

Acromagnetic surveys have been used with suc-
cess in certain areas where the major fault zones
have been intruded by dolerite dykes, e.g in the
Olifants and Doring River catchments in the South-
ern Cape (Hartnady and Hay. 2001)

m:‘tllc resonance sounding

The magnetic resonance sounding IMRS) method is
a fairly recently developed geophysical tool. MRS
surveving entails transmitting alternating current
into a large loop on the earth’s surface. The fre
quency of the current depends on the amplitude of
the carth’s magnetic field in the study area and will
thus be equal 10 the resonance frequency of hydro-
gen nuclel U'HY) - nuclear magnetic resonance (NMR)
in the study arca (this will vary from area 10 area).
The magnetic field generated by the current flowing
in the loop will propagate into the subsurface. When
this magnetic field encounters groundwater the hy-
drogen nuclet in the water s excited and these os
cillating hydrogen nuclel produces a magnetic field
that is measured and then interpreted in terms of
the water content (porosity) versus depth. Note that
the MRS method is sensitive to the free water con-
tent of the subsurface: clay-bound and micropore-
bound water will not generate a signal (Roy and
Lubczynski, 2000).

However, useful MRS data can only be acquired
where the NMR signal to notse ration is large enough
to extract the NMR signal from ambient notse (the
generated signal is very small).  Sources of noise
include man-made electrical noise and natural noise
cg lightning. South Africa is a fairly difficult area
for MRS surveys, but reliable data can be acquired
(Roy and Lubczynski, 2000).

This technigue has not been applied to ground
waler exploration in the TMG rocks. The capability
of the MRS method 1o directly detect groundwater
can potentially make it a powerful tool and the tea
sibility of applying the method o the T™MG should
be investigated. Tt should be noted that [RIS instra
ments [1999) suggests that MRS is a good comple
ment 1o other geophysical methods: “It is particu
larly useful when resistivity data cannot clearly be
related 1o the presence of water™.

Electromagnetic method

The electromagnetic method entatls measunng the
magnitude (and/or direction] of the secondary elec:
tromagnetic field that results from alternating cur
rent induced into the subsurface by a primary elec
tromagnetic fickd. The difference between the pri

mary and secondary electromagnetic flelds can be
directly related to the clectrical properties of the
subsurface. (Note that electromagnetic surveying is
not very eflective in distinguishing between rocks
with low and very low conductivities). The clectrical
properties of a rock vary with porosity, water satu-
ration and the amount of dissolved solids in the
waler,

The electromagnetic method can be used to dis
tinguish between the TMG quartzites with a very low
conductivity and the argillaceous lithologies of the
TMG, the Malmesbury and Bokkeveld Groups with
higher conductivities. The water saturated fractured
quartzite of the TMG will be more conductive than
dry quartzite, However, groundwater in the TMG s
normally ol very good quality and thus water-satu-
rated rock sull has fairly low conductivities.  This
generally reduces the usefulness of the electromag-
netic method to distinguish between water-saturated
and dry quartzite. Similarly the difference between
the conductivity of fractured and fresh TMG gquartz-
ite might not be obvious.

It Is important o note that the clectromagnetic
method s not always successful in the TMG rocks:
several borcholes were drilled in the Ceres area, o
upgrade the town'’s water supply. The drilling posi-
vons were located either on visible fracture zones or
clectromagnetic anomalies (for more information see
Rosewarne, 2001). Borchole SRK7 was drilled on a
visible fracture with no assoctated electromagnetic
anomaly and SRK4 were drilled on an electromag-
netic anomaly without a visible fracture zone. Both
these boreholes were successiul (Rosewarne, 2001 )
This is because the electromagnetic method s not
very effective at distinguishing between low and very
low conductivities,

Electrical (resistivity) method

The resistivity method uses direct current to de-
termine the electrical properties (resistivity) of the
subsurface. An artificially generated electrical cur-
rent is introduced into the subsurface and the re-
sulting potential difference is measured, This meas-
ured current and potential differences are then used
to caleulate the apparent resistivity of the subsur-
face. Resistivity is the inverse of conductivity and
the resistivity of rocks Is dependant on the same
variants mentioned above. Resistivity surveying can
entall both lateral profiling or depth sounding. Due
1o the complexity (fault zones are normally also
associated with increased depth of weathering
around the Lault) assoclated with any hard rock ter-
rain, a combination of profiling and sounding should
be used 1o acquire both lateral and depth informa-
ton. The mult electrode resistivity method allows
for acquiring both sounding and profiling data. This
method also allows for the acquisition of Induced
potential (IP) data at the same time. [P data can
be used to verily i resistivity decreases are caused
by clay or water in the pore spaces. The feasibility
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of applying this method to groundwater exploration
in the TMG rocks should be further investigated,

The TMG gquartzites are electrically resistive and
have a good contrast with the less resistive (more
conductive) argillaceous lithologies of the TMG suc-
cession, the Malmesbury and Bokkeveld Groups.
The granites of the Cape Granite Suite are more re-
sistive than the TMG quartzites, but direct current
resistivity methods are well sulted o distinguish
between resistive and very resistive strata, This is
very important considering that the targets in the
TMG rocks are lincarly extensive fractures. Accord-
ing to Duvenhage and Meyer (1992) the fracturing
of the TMG rocks has a notable influence on the
resistivity character of the TMG rocks. The resistiv-
ity method can be used 1o distinguish between high
resistivity fractured quartzite and the very high re
sistvity fresh quartzite. Note that groundwater may
be assoclated with these fracture zones,

Case studies

Two short case studies from the experiences of the
authors are described below, The electromagnetic
method has been successfully applied to ground
waler exploration in the TMG rocks for the past ten
years. The electromagnetic data are acquired with
the Geonies EM34-3. a frequency domain electro
magnetic unit. The EM34-3 allows for different set-
up configurations with associated pre-set frequency
settings. The depth of Investigation can thus be
controlled by the operator. Electromagnetic data are
normally acquired along traverses located using
acrial photograph interpretation of the study arca,
The initkal data are acquired using horizontal, co-
planar cotls with a separation of 40 m. This results
in a (chamed) depth of investigation of about 60 m.
The EM34-3 measures the apparent conductivity of
the subsurface. The apparent conductivity of the
TG 1s low (between O and 15 mS/m), with negative
anomalies targeted for drilling: the TMG quartzite
weathers to sand and this dry sand normally has a
very low conductivity, Anomalous zones in the sub-
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surface are thus delineated and a second set of
clectromagnetic data is acquired over the anomaly
using horizontal. co-planar colls with a separation
ol 20 m. The (claimed) assoclated depth of investi-
gation is about 30 m. The targets for drilling are
then located where both the data sets (20 m and 40
m separation) show a negative anomaly.

EM34-3 data were acquired at the Plettenberg
Bay Airfield 1o locate a drilling position for a water
supply borehole. A portion of the electromagnetic
data acquired along Traverse 3 Is shown in Fig. 1.
The drilling position was located on the negative
anomaly at 140 m. The borchole was drilled 10 a
depth of 250 m with water-bearing fractures inter-
sected at 67 and 126 m, The total atrlift vield of this
borehole was 6 £/5. It is important to note that the
maximum depth of investigation of the EM34-3 Is
60 m. but by delineating the fracture zone, the deeper
groundwater in the fracture zone could be targeted.

Historically magnetic data were also acquired
along the traverses 1o correlate data and anomalies
il possible. However, results obtained were very in-
consistent. No magnetic anomaly s directly assoct-
ated with the EM34-3 anomaly in Fig. 1. The posi-
tive magnetic anomaly occurring at about 170 m
does not relate to fracture zones delineated by the
EM34-3. Figure 2 shows the geophysical data ac-
quired along the second traverse at the Plettenberg
Bay Airfield. A possible drilling location would have
been the anomaly at about 320 m on the profile.
The magnetic anomaly oceurs  at about 290 m and
there Is no relationship between the magnetic
anomaly and fracturing. It is very important to note
that the magnetic anomalies are inconsistent: in the
same study area, the magnetic anomalies are both
negative and positive. The magnetic method cannot
be used to delineate fracture zones in the TMG rocks.
unless the fracture zones are intruded by dolerite
dykes.

It is important to note that the geology of the
study area must always be considered when using
geophysical surveying to locate drilling positions.
The electromagnetic data acquired along Traverse 7
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in Albertinia shows a negative anomaly at aboul
130 m on the traverse (Fig. 3).

However, the borehole was drilled to a depth of
120 m with no water bearing fractures intersected.
A vertical carbonaceous shale horlzon was inter-
sected in the borehole, This carbonaceous shale
horizon also has a low apparent conductivity and
caused the negative anomaly on the electromagnetic
data, instead of the expected fractured TMG quartz-
e,

The resistuvity method was successiully used (o
locate water supply boreholes in the TMG in the
Botriver area (see Weaver, 2000 for more detalled
information and maps). The arca is underlain by
quartzites of the TMG and shales and sandstones of
the Bokkeveld Group. The TMG and Hokkeveld
Groups are separated by a northeast southwest
trending reverse scissor lault. Shales of the Bokke-
veld Group occur to the southeast of the fault and
have been downthrown. The fault passes through
the northwestern part of Botriver and is visible on
the surface in places. The purpose of the geophysi-
cal survey was to locate the fault in the subsurface
and then investigate the TMG rocks just northwest
of the fault. The fractured TMG quartzite was iden
tifled as the prime target for water supply boreholes

:

Mag Fied (nT)

because the quartzite is a hard rock that is not
very susceptible to weathering. The fractures will
thus stay open. The shales of the Bokkeveld Group
on the other hand, weather (o clay (fracture zones
are preferential weathering channels).  Also, the
shales of the Bokkeveld Group tend to yield poor
quality groundwater as opposcd 10 the good water
quality associated with TMG Aquifers. The resis
tivity method was selected because of its reliability
in distinguishing between lithologies with high and
very high resistivities. The sounding technique was
used instead of the profiling technigue because in-
formation on depth of weathering was considered
more important than delineating the fault on the
surface

Sounding data were acquired at several locations
on both sides of the fault and a cross section of three
soundings will be discussed [see Fig 2 of Weaver in
this publication). The three soundings VES4, VESI
and VES2 were located in a line perpendicular to
the fault (in a direction southeast-northwest). VES4
(Fig. 4) was located southeast of the tault line on the
shale of the Bokkeveld Group. The low resistvity of
the target laver (120 ohm.m) is indicative of the
weathered shale of the Bokkeveld Group.
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The thickness of the target layver (52 m) was con
siderable, but this sounding location was rejected
as a drilling position because of the low resistivity.
This s an indication of either poor water qualily
associated with the shale or high clay content as
can be expected from the weathering of the shales
of the Bokkeveld Group.

Sounding data for VESI (Fig. 5) were acquired
just northwest of the fault on the TMG. The inter-
preted sounding data show a considerable depth of
weathering (60 m) as well as a higher resistivity (210
ohim.m) for the target layer, as was expected for the
fractured TMG rocks. This location was selected as
one of the priority drilling positions because of the
depth of weathering and the higher resistivity. A
successful borehole was subsequently dnlled. The
drilling log of the borehole showed 32 m of weath-
ered TMG quartzite underlain by fractured TMG
quartzie to a depth of 79 m. The total airlift yield of
the borehole was 7.5 ¢/'s with a sustainable yield of
25 Us.

Sounding VES2 (Fig. 6) was acquired northwest
of VES1 on the TMG. This sounding was located
further away from the fault. The depth of weather
ing for the target layer (<35 m) Is considerably less
with a slight increase in resistivity (220 ohim.m). The
depth of weathering was expected to decrease fur-
ther away from the fault because the depth of weath-
ering in the TMG rocks is directly related (o the frac-
turing caused by the faulting. The frequency of frac
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turing will decrease further away from the fault. The
resistivity is sull low enough 1o suggest that the fre
quency of fractuning is still sufficient to ensure that
water-bearing fractures will be intersected,  This
site was recommended as an additional drilling site,
only to be drilled if sullicient groundwater was not
obtained from other boreholes.

The difference in resistivity between the shale of
the Bokkeveld Group and the TMG quartzite was
used to delineate the fault position in the subsur-
face, The target sounding. VES|1, amnd its relation to
VES2, was used to define the positions of subse-
quent soundings.  These were located just north-
west of the [ault. The sounding locations that showed
the deepest weathering with a resistivity between
200 and 250 ohm.m were sclected for subsequent
drilling.

Conclusions and research needs

The geophivsical technigques applied to groundwater
exploration in South Africa include the seismic re-
flection and refraction, gravity, magnetic, electro-
magnetic and clectrical resistivity methods. Most of
these technigues have been applied o groundwater
exploration in the TMG rocks, either through direct
studies of the TMG or through indirect studies of
the overlving matenal. The electrokinetic and mag-
netic resonance sounding techniques are new de-
velopments in the groundwater field and can poten-
thally direetly detect the presence of groundwater,
These methods have not used in the TMG rocks, but
the feasibility of applying it 1o groundwater explora-
tion of the TMG Aquifer should be investigated.

The prominent geophysicists (and major users
of geophysics) in South Africa agree that insullicient
geophysics has been done on the TMG rocks. The
setting and physical characteristics of the TMG are
not ideal for geophysical study. However, geophys
s 18 a cost-eflective way of minimising the risk of
randomliy drilling boreholes and several geophysi-
cal technigques can be used for groundwater studies
in the TMG rocks. The most successiul of the con
ventional geophysical techniques s the resistivity
method. Multi-electrode resistivity is the latest de
velopment i resistivity surveving and pseudo sec
tion resistivity datia can be rapidly acquired along a
section. This method should be applied 1o ground
wiater exploration in the TMG. The clectromagnetic
method has been used successiully in the TMG rocks
and electromagnetic methods almed at deeper ex-
ploration should be further investigated.

The electrokinetic and magnetic resonance
sounding technigques are specifically aimed at
groundwalter exploration. Both these methods rely
on the presence of water in the subsurface (o gener
ate a signal. These methods have been applied to
hard rock aguifers in South Africa, but not the TMG
Muifer. The feasibility of applyving these techniques

to groundwater exploration in the TMG Aquifer
should be investigated.
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The Application of Isotopes and Hydro-
chemistry as Exploration and Management Tools
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Abstract

The rationaie behind the use of environmental isotopes and hydrochemistry as tools in hydrology
s reviewed, with potnters (o thelr poterdial in the study of Table Mourtam Growp (TMG) Aquifers.,
Case studies which apply these isotopes and trace elements to problems such as dating aquifer
water. recharge determination. aquifer palacotemperatures, mixing of waler pes and altitude

of revharge are discussed,

Introduction

Oxygen and hydrogen isotope ratios have been an
integral part of tracer studies in hydrology since the
carly 1960s, Along with carbon and nitrogen stable
isotopes and the radioactive isotopes "*C and tri-
tum. they are sometimes collectively termed “envi
ronmental isotopes™, The chemical constituents of
groundwater are a reflection of the chemical com-
position of the rainwater from which it s derived,
the recharge conditions and the processes occur-
ring below ground. Analysis of the water chemistry
therefore provides some Insight in these processes,
Dissolved gases (dissolved oxyveen. CFC. nitrogen,
argon, hellum) are increasingly being used 1o iden-
uly some processes in the water with varying suc-
cess, All of these together can be classified as envil
ronmental tracers and need to be distinguished form
“artificial tracers” which are man-made tracers in
troduced in water lor investgational purposes. Man
made constituents introduced unintentionally lcom
monly labeled as “pollution”) are often also used for
this purpose.

Rationale
Oxygen and hydrogen

Oxygen and hydrogen are the major elements
present in water and as such they are the most con-
servative of all tracers. The oxygen and hydrogen
isotope composition of rain water, which recharges
aquifers, varies in a semi-predictable way and this
provides the basis for O- and H-isotope hydrology
fe.d. Clark and Fritz, 1997). In the case of both oxy

* To whom all correspondence should be addressed.
M012) 8B41-3402; fax 1012) 349-1170:
E mall: stalmascsir.co.za

gen and hydrogen, the heavier isotope (70 and D)
is much less abundant than the light isotope (0
and H) to the extent that it Is convendent to report
Isotope ratios relative to a reference sample of
seawater, Data are reported in 8§ notation, relative
to SMOW (Standard Mean Oceanic Water). where &
=(R___/R . 11000 and R = "0/"0 or D/H.
The & value, In per mil units, is & measure of en-
richment in the heavy 1sotope ('O or D), Thus a
sample with a lower 0O/ "0 ratio than scawater
has a negative § value whereas a sample with a
higher O/ "0 ratio than seawater has a positive &
value.

Tritium

Tritlum Is the radioactive heavy isolope of hydrogen
('H) which has a half Iife of 12.4 years. The concen
tration of trittum in water Is usually expressed as
tritium units (1 TU = a T/H rato of 10 ). Trittum. is
produced in the stratosphere by cosmic ray inter-
action with nitrogen. The trittum becomes incorpo-
rated into rain and the natural level of irittum in
rain ranges from 3 to 10 TU. Once water is isolated
from the atmosphere, the tritum decays, The de-
tection limit for tritium is about 0.2 TU which would
lmit the maxunum dateable “age”™ to 55 years, Hy
drogen bomb tests between 1952 and 1963 intro-
duced large amounts of tritium into the atmosphere,
but this has now decaved to much lower levels,
Southern hemisphere bomb trittum levels were
much lower (60 TU, IAEA, 1992) than in the north-
ern hemisphere, and the tritum content here has
now reverted to its pre-bomb value. The main appl
cation of trittum is to identify recharge from the pe
riod when the trittum content In rain was above
normal, Le, 19601980, In due course it will again
be used to date water by the radioactive decay of
tritium,
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Carbon

Carbon has two stable (4C and 7C) amnd one radio
active isotope (1C) of which “C s by far the most
abundant (98.9%), Stable sotope data for carbon
are normally expressed in 8 notation (see above) rela-
tive 10 a marine carbonate reference (PDB). Henece
marine carbonates have 8 'C values close to zero.
Most organic carbon has highly negative §'C val-
ues lcommonly <20 10 28%), In groundwater 1t 1s
possible to determine the §''C value of dissolved
species (e.g. HCO ) or exsolved gas bubbles (e.g. CO
CH,) found in the water. A knowledge of the §°C
value of groundwater is important in the interpreta-
tion of “'C data because the §°C value indicates the
amount of incorporation of carbon from "'C free car
bonate minerals

In the upper atmosphere, 'C is produced by the
interaction of N with cosmic rays. The "'C concen-
tration in the atmosphere has remained reasonably
constant in the past. The explosion of nuclear de-
vices and operation of nuclear reactors since 1945
has increased the atmospheric C activity signifi-
cantly. Atmospheric V'C becomes incorporated into
plants and, when these decay, enters seepage wa-
ter during percolation of meisture through soll. Onee
the water is isolated from the near surface (e.g in
an aquifer). the "*C can no longer be replenished
and decays with a hall-life of 5730 years, Any disso-
lution of carbon-bearing material (e.g. from carbon
ate rocks) will also decrease the C/VC ratio in the
water. This process can be recognised if the “C con-
tent correlates with the & °C value or alkalinity. A
measure of the “'C activity of groundwater can there
fore provide an approximate average “age” for the
water back to about 40 000 yvears (depending on
the level of accuracy of the method measuring the
YO activity). The concentration of *C in groundwater
is expressed in pmC (per cent modern carbon) and
values close to 100 pmC would be consistent with
recently recharged water. Proper evaluation of the
chemistry of the water and its *C content Is neces-
sary in order to judge the extent of ‘dead’ carbon
contribution o the 'C content of groundwater (e.g
Clark and Fritz, 1997 Plummer and Sprinkle, 2001 ),

CFCs

CFCs are very stable gases with wide application
They have been produced since the 1950 and the
atmospheric levels (at the 10 level) have steadily
increased since then, As very stable gases they have
permeated all atmospheres, including that in soils,
and are also dissolved in groundwater. The CFC Jev-
els in groundwater, and the ratios of the three use-
ful ones (CFC-11, CFC-12 and CFC-113) are being
used to identfy recharge events, date water in some
circumstances and localise pollution events (Plum-
mer and Busenberg 1999, Talma et al., 2000,

Major ion chemistry

Groundwater and stream water assoctated with the
TMG are renowned lor s low level of all chemical
constituents. The carly work of Bond (1946) has
shown that this water has the lowest TDS values of
all water in the country: since confirmed by more
recent surveys (Stimonic, 2001). The levels of Na and
Chin water are primanly determined by the distance
from the sea, since marine water is the major source,
The absence of carbonates in the TMG has the con-
sequence that alkalinity, Ca and Mg levels are pri-
marily determined by weathering reactions of the
felspathic minerals in the TMG (Cave et al.. 2001).
Since these reactions are quite slow, the water re-
mains unsaturated with respect to carbonate and
the pH is usually below the saturation level of pH 7.
Whereas there must be many thousands chemi

cal analyses of groundwater from the TMG in vari-
ous data bases and the properties must be known
to many responsible to turning the water into a form
usable for public water supplies, only a few studies
have addressed the chemical composition as explo-
ration and management tools. The main application
15 1o use the Na and Cl content as indicator of sea
water Input, either via sea spray or as sca water
intrusion (e.g. Weaver, 1995 Weaver et al., 1999),
Other applications are to use the contrast between
TMG and other water for source identification (Kirch-
ner. 1994). More detalled surveys of the chemical
composition of groundwater in relation to the geol

ogv of the aquifer are presently underway (Umvoto
in prep. Kotze in prep) and will identily specific fea-
tures of TMG groundwater chemistry.  Smart and
Tredoux (this volume) have summarised the main
hydrochemical characteristics of groundwater in the
T™G.

O- and H-isotopes in precipitation

In this section we review the factors influencing the
H- and O-isotope composition of rain water in gen-
eral and consider the likely vanability of water in
the area of outcrop of the TMG. Craig (1961) showed
that there was a remarkable correlation between abD
and 570 in precipitation waters world-wide with a
best-fit line corresponding 10 6D = 8670 + 10. This
line s known as the global metcorie water line The
term ‘meteoric water” is used o distinguish ‘mete-
orologhcal” such as rain, snow and hail water from
connate and juvenile water. Although most precipi
tation world-wide lies close to the global meteoric
water line, different areas have thewr own distinctive
local meteoric water lines. Varfations in the equa-
tion for the meteoric water line at a specific locality
are a function of climate. geographic location and
source region of evaporation to form clouds (e.g.
Rozanski et al., 1993).

There are live major factors (Dansgaard, 1964)
which influence the isotope composition of precip
tation in a given region. These are temperature, alti-
tude, the amount of precipitation, continentality and
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Piot of 80 vs. 50 for monthly samples from Cape Town intermatonal
Auport (IAEA, 1997) colected from 1962- 1382 and UCT (Hams
unpubished data) colected from June 1295 - June 2000 The solid ine
15 the kne of best it through the dats (60 = 859570+ 8.34;
calcukaied using the AMA memod. Rock. 1988). Also shown (s the
glodal massanc water ine (Cray, 1967) and the waightad mean values
for summev rain (Octaber-March) and winler ram (Apel 1o Seplomber)
from both statons

source region. Isotope data for precipitation on a
monthly basis have been collated and summarised
by the International Atomic Energy Agency (IAEA)
fe.g. Rozanski et al., 1993) as part of an ongoing
world-wide project. Southern African stations for
which analyses have been reported between the
19605 and 1980s were those at Cape Town, Preto
ra, Windhoek and Harare. Data relevant for the TMG
are those from Cape Town International Alrport
(1962 o 1974) and at the University of Cape Town
(UCT) since 1995, Selected stations were and are
sampled for shorter periods 10 satisty the demands
of specific projects. 11 can be expected that the in-
troduction of a cumulative rainfall sampler by which
a pooled annual sample can be obtamed with mini
mum attendance (Weaver et al., 1999) will expand
this database in the future.

The sotope composition of rain in the Western
Cape. has been discussed by Diamond and Harris
(1997) and by Harris et al (1999). Diamond and
Harris (1997) caleulated the line of best (it through
the rain data from the Western Cape to have the
equation 8 = 6.26'"0 + 10.6 which represents the
best approximation to a Western Cape meteoric water
line. Two large data sets are avatlable, for UCT (1995
1o present; Harris, unpublished data) and Cape Town
International Alrport (complete data for 1962-1974;

Amount (mm)

Temperature (°C)

Figure 2
Piotof §"0 vs. average monthiy lemperature and amownt of ran
for Cape Town infernational Auport and UCT (ype and sources
of data as for Fig. 1)

IAEA 1997). The O- and H-isotope measurements
are for pooled monthly samples and are plotted on
Fig. 1. The equation of the line of best it is 8D =
6,590 + 9.34 and this represents a local metcoric
water Hne. [t should be noted that no kind of weight-
ing has been applied to the determination of the
equation of the meteoric water line in Fig. 1. or that
of Diamond and Harris (1997). The isotope compo-
sition of water which recharges groundwater is likely
to be most closely approximated by the average
welghted annual 8D and 60 values. For Cape Town
Airport, these 8D and 60 values for the years 1962-
1968 and 1974 (the only vears in which the data
are complete) are -12.7 and -3.31% respectively.
For UCT the average 12 month weighted mean 8D
and 5§70 values from June 1995 to May 2000 are

1.4 and -3 42% respectively. The vartation of
monthly rain 80 value with the amount of rain and
average temperature are shown in Fig. 2. 11 can be
scen that where there are small amounts of rain,
the §0 values tend to be higher, This amount ef
leet s much stronger in the UCT data than that of
CT airport. The correlation between 80 value and
temperature is poor, nevertheless there is a general
tendency for the months with the colder average tem
perature o have lower §'°0 values. Seasonal differ-
ences for UCT and CT airport are also shown on
Fig. 1.

The aD and 60 values of rainfall decrease as
altitude Increases [(Dansgaard, 1964), and variation
in altitude is probably the most iImportant factor in-
fluencing the isotope composition of recharge to TMG
Aquifers. Midgley and Scott (1994) reported an alt-




tude effect on 60 of 0.32% per 100 m for a single
mid-winter month in the Jonkershoek Mountains,
about 70 km east of Cape Town. Harris et al. (1999)
observed a decrease in 670 value of 0.5%. per 100 m
for springs on the slopes of Table Mountain. Alu
tude eflects must be used with cantion because they
are highly site-specifiic (e.g, Mazor, 1991 Clark and
Fritz, 1997). In the Agter-Witzenberg valley Weaver
et al. (1999) could not observe an altitude effect
during two vears rainfall sampling because the val-
ley and 1ts recharge arca (80 m higher) were all lo-
cated in the rain shadow of a higher mountain range
in the west,

The final cause of vanation in isotope compost-
tion of rain is geographical. This is duc both 10 a
rain out effect where the isotope ratio of clouds is
depleted as the fraction of molsture remaining gets
smaller and to the source of moisture, In the west
ern parts of the TMG outcrop it can be assumed
that rainfall comes from clouds arriving from the
west coast. The Kiein Karoo and areas further east
receive rain from both the cast (Indian Ocean) and
the west (Atlantic Ocean) These influences have vet
to be investigated i more detall,

The effect of evaporation

The most effective means of changing the O and H

isotope composition of a body of water is by evapo-
ration. The vapour pressure of water molecules con-
taining any of the heavy isotopes Is slightly lower
than that of common water and as a consequence
670 and 8D progressively increase as in the remain-
ing water as evaporation proceeds. The actual evapo-
ration process can be approximated using a
Rayleigh batch model (e g Merlivat and Jouzel,
1979) Incorporating the mean humidity of the at-
mosphere. In and regions, small amounts of evapo

ration (5-10%) are sullicient (o have a noticeable
effect on the isotope ratios of open water bodies. In
the arcas where TMG crops out. the effect Is likely
to be smaller. Evaporation enrichment of a water
hody can be indicated by utilising a plot of 8 vs,
80, Evaporation produces enrichment gradients of
4 to 6 which are less steep than typical meteoric
water lines (gradient 8). Evaporation of standing
bodies of water and evapotranspiration from soil at
the region of recharge will elearly have an effect on
Isotope composition ol agquifer water

lications of isotopes and
:;Sroehemhtry in tlre ™G

Examples are presented where various isotope cf-
fects are applied to study aspects of the hydrology
of the TMG groundwater.

Altitude effect

The CAGE project (Hartnady and Hay. 2001) pro
duced a large number of oxvegen and hvdrogen iso
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Piot of 570 vs. atiuoe 2Dove 502 love! (metres) for borehole water n
he Cirusaly region of the Westem Cape (CAGE sampies. UMVOTO,
unputeshed repont 20001, nckuang samples from the Boschwioo!
weifeld Also plomed are TMG hot springs (data from Diamond and

Harns, 2000). The ashed kne comesponds 10 a Typical decraase n &

O of 0.26% per 100 m ncrease n

abiude cdserved n rain (see lext).

tope analyses of borehole water associated with the
TMG around Citrusdal in the Western Cape (Umvoto,
unpublished report, 2000). The &0 values of bore-
hole water generally decrease with increasing altl

tude of occurrence (Fig. 3). but without a strong cor-
relation. Water from the Boschkloof well field has
870 (and 8D) values which are more negative than
expected for its altitude. This is best explained if the
Boschkloof water is recharged at higher altitude than
typical groundwater in the region and indicates more
distant recharge In the nearby mountains.,

Hot springs in South Africa are not assoctated
with recent volcanism and their high temperatures
(up 10 64°C) must therefore be related to the deep
circulation of water. The isotope composition of these
springs is reviewed by Harrds and Diamond (2001)
One of the main conclusions is that the thermal
springs have svstematically lower 8D and & "0 val-
ues than expected for ambient meteoric water at the
same location (Fig, 3 Cantton should be empha
sised in the interpretation of these data because most
of the springs are lound further inland than the
Citrusdal area and the continental effect must be
taken into account. Nevertheless, one interpretation
is that that the springs were recharged at higher
altitude than typical cold springs (see Harris and
Diamond, 2001),
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Figure 4
Relatons between &0, &D and chionde n
me Agter-Witzenberg arsa (Cave et al ths
volume). Precpvtaton (P), stream waler (S),
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the valley are centfed Recharge in the
mountants s Indicaled by the chionde
neraase betweon P and M Evaporaton of
swiace water ShOWS LD as [Solope and
chionde annchment fom P and M owards =
S Dvect recharge from streams is evident % 30
Dy the sofope simwanty and chionae B
annchment from S 10 @ Mixing of mountan 8
and valey water. and adidonal chionde
soktion, is indicated by the re@oon between
Bangboth Mana Q.

Use of evaporation effects

Evaporation enrichment of both deuterium and O
can be distinguished from local rainfall varations
by its departure from the Meteoric Walter Line along
an Evaporation Line having a slope of 4 to 5. In the
Agter-Witzenberg valley the difference between rain-
fall, direct recharge (same §°0 and 8D, higher Cl
than in rain). stream water (higher Cl. "O/D en-
richment along the Evaporation Line). the recharge
of these two water Lypes and their mixing in
boreholes is quite visible (Fig. 4). Even though the
isotopic differences are small. they are well enough
separated to be useful indicators of diflerent water
types. This feature is also usclul to trace recharge/
leakage from open dams during summer.

Water-rock interaction

Oxygen Is the major clement present in rocks and,
in theory. changes in 0 value of water can result
from Isotope exchange of oxvgen between the water
and the rocks through which they passed. This is
commonly observed in geothermal waters of volcanic
regions (e.g. Sheppard, 1986) where the 70 value
of the water Increases as a result of the process, In
the case of the TMG hot springs. water/rock inter-
action is unlikely to take place above about 70°C
where mineral-water fractionations are such that any
change In 80 value would have been o lower not
higher values with exchanged waters plotting to the
left of the meteoric water line on Fig. 1. This is not
observed in the TMG hot springs (Harris and Dia-
mond, 2001) and In any case. oxygen isotope ex-
change at such low temperatures is likely to have
been sufficiently slow that water-rock interaction has
no effect on isotope ratios of the water.

Carbon is a trace clement in groundwater and
is. therefore, more susceptible o water/rock inter-
action. Carbon dioxide Is produced in solls by root
respiration and decay of plant material. Dissolved
in water it becomes the main weathering agent of
aguifer rock because of its acidic nature. Where car-

Chloride

bonates are available in an aquifer they will rapadly
react to ralse the pH of the water and increase the
alkalinity by the reaction:

CaCo, + CO,+ HO - Ca™ + 2HCO,

Weathering reactions of silicates of various types are
slower reactions, of which the following is an exam-
ple:

CaALISIO), + 2C0, + HO — Ca® + 2HCO, +
ALO, + 2510,

Both types of reactions tend 1o increase the pH, dis-
solved cation and alkalinity levels and reduce the
free CO_in the water as the reactions progress. Car-
bonate weatherning, however, introduces additional
carbon in the water with a different & 'C value (usu-
ally 0%) and will tend to increase the 'C content of
the dissolved carbon in the water (e.g. Clark and
Fritz 1997)

The TMG rocks usually do not contain any car-
bonates and the silicate weathering reactions there-
fore dominate the hydrochemical evolution in the
groundwater. The "'C content of groundwater there-
fore remains close o that of the soll produced CO
usually around B22 to B18% (Talma et al., 1954).
This simplifies the use of "'C to calculate water ages
since no, or little, provision has to be made for dilu-
tion of the original 'C content of water by the adds
tion of non-"'C containing carbonates (Weaver et al.,
1999),

Palacotemperatures

Different climatic and flow patterns in the past have
the potential of producing different properties in
water. The practical use of such studies would be (o
have some predictive quality as to how hydrological
systems are likely to behave during future climatie
changes. In fractured rocks where water flow is less
predictable and mixing of different water types oc-
curs, such studies are fraught with difficulty.
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The Utenhage Springs near Port Elizabeth are Recharge determination

at the head of an artestan aguifer in the TMG. The
artesian part of the aquifer is bounded by Ultenhage
Group and Bokkeveld sediments on the north and
south, and overlain by an aquiciude of Ultenhage
sediments having low permeability, The spring is fed
from a substantial TMG outerop in the cast and water
flows. in a flow restricted manner, towards the sea
(Talma et al., 1984). The well-known Amanzi Springs
down dip and various borcholes drilled along a
length of 30 km towards the sea, deliver low salinity
water that Is quite different from that of the overly-
ing sediments. The 'C ages (suitably corrected) in-
dicate progressively greater ages up to 28 000 years.,
The 670 value of the water Is 0.6%. lower for water
with ages greater than 15 000 years compared to
the present (last 3 000 vears) (Fig. 5). These older
(Pletstocene] waters showed recharge temperatures
(determined from dissolved nitrogen and argon) 5.5C
lower than present (Heaton et al., 1986). [solope de

pletion for recharge during the Pleistocene is a com-
mon feature in many aquifers worldwide and the
palacotemperatures derived from this aquiter are
similar to those found in other mid-latitude arcas
(Stute and Talma., 1998). This feature can be ex-
plained by a longer pathway for atmospheric mols

ture during colder periods, One can therelore ex-
pect similar sotope effects o exist elsewhere in the
TMG area. The palacotemperature eflect is however
smaller than most altitude effects and was only evi

dent in the Ultenhage artestan water because ol s
exceptional flow situation.

Dating of groundwater

Groundwater can only be considered to have o ‘date’,
or more correctly an age. when it can be considered
to be an artifact that represents a specific recharge
event. Thus might be true in primary aquilers when
water is sampled [rom discrete depths but will, in
general, not be the case in fractured rock aquifers
such as the TMG. In the Ultenhage artestan situa-
tion described above the flow conditons were such
that borehaoles down gradient of the springs repre-
sent segments of the recharge history of the spring
water and could be descrihed as single dates,

The presence of young water is an indication that
recharge is occurring at that locality. In fractured
rocks this is complicated by the irregular occurrence
of water and the difficulty to estimate the water gquan
tities involved. If one considers the aquiter as a
phreatic aquifer with surface recharge, and dis-
charge at a lower point. then any of the dating tools
(4C. tintum and CFC) can provide a measure of the
mean residence time of water (IMRT) in the aquifer:
expressed as the ratio between aquifer volume and
annual recharge amount. A siriking example is the
study of the Kamanassie mountains near Oudts
hoorn (Kotze et al., 20000 In this area groundwater
MRT was calculated to be in the order of | 500 years
using the relation (e Verhagen et al. 1991, Gieske,
1995):

T=8270%A /A - 1)

where A_and A are the initial and the measured 'C
content of the water. There were ample checks with
trittum and CFCs to test the validity of the ages.
Using assumed porosity and aquifer sizes enabled
a recharge rate to be calculated as annual replace
ment volumes. The validity of these assumptions will
eventually determine the trust that can be placed in
the final result. In general it would seem that the
accuracy of the dating 1s not the most enitical pa-
rameter in this caleulation,

Using the chloride content of groundwater in re
lation to that of rainwater has become an appar-
cntly casy and probably Gairly trustworthy, method
ol recharge determination. It requires the chlorde
content of water in the recharge arca aquifer. or at
least in the water immediately below the root zone,
as well as the long-term mean chlorde content of
precipitation (Edmunds et al., 1990, Bredenkamp
et al., 1995). Being a mass balance approach there
are certain assumptions that have to be satisfied
Lo, no additional surface Clinput, no soil or aquiter
Cl sources, no lateral water flow, etc. IEdmunds et
al.. 1990). These conditions seem 10 be satisfied in
many TMG Aquifers. The large vartaton of rainfall
amounts in the rugged TMG outcrops and the pau-
city ol rainwalter chemistry data are uncertaintics
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that will have to be overcome In this area before
this method becomes more widely used. Weaver et
al. (1999) have used the chloride technique to
estimate recharge amounting to 50% of the mean
annual rainfall in the Skurweberg (Fig. 4) where
steeply dipping TMG rock provide good opportunities
for ample recharge (Cave et al., 2001). Preliminary
observations at sites along the southern Cape coast
suggest that recharge in excess of 200 may be more
generally valid (Weaver and Talma, in preparation).

Mixing of water types

Groundwater collected from a spring or borehole in
most fractured rock aguifers represents a mixture
of a wide range of recharge events. The tracers used
for dating ('C. tritum and CFCs) have different in
put functions and half-lifes and this will be reflected
in the sample mixture. In the Agter- Witzenberg val
ley it could clearly be shown that some horeholes
deliver mixtures of a yvoung (CFC, trittum and bomb-
C containing) water and an older deep-flowing water
(Cave et al., 2001, Talma et al., 2000). In this case
the separation between young and old water was
possible since the contrast between two water types
was quite clear (Fig. 6). The features of these mix-
tures were confirmed by scasonal variations of chem-
istry and "C during which chemical and isotope lev-
els indicated mixing ratio variations.

Hydrograph separation

Midgley and Scott (1994) measured the §7°0 values
of streams from catchments in the Jonkershoek
valley. They found that over pertods of a few days
the isotope values of the run-off do not resemble
that of individual rainfall events. Withun that tme
range they estimated that less than 5% ol the rain
ends up in the streams. This is a general feature
emerging when isotopes and chemistry are used (o
clucidate the analysis of hydrographs in ranfall
runofl studies in other parts of the world (Generaux
and Hooper, 1998),

Chemical characteristics of TMG water

The main characteristic of TMG water was formu-
lated by Bond (1946) as the low TDS and high
amount of free CO_. This is also known for the TMG
contribution o river walter quality (Kirchner, 1994)
and Is clearly recognisable on the national ground-
water map (Stimonic, 2001), This feature also main
tains the pH at low values and necessitates lime
addittion to make the water suitable for public use.
As desceribed above, 1t s likely due to the absence of
carbonate in the TMG, the low reactivity of the aqul-
fer material and the low plant abundance in most of
the TMG outcrops. Smart and Tredoux (2001) have
summarised the main chemical characteristics of
TMG water,
Two projects at the extreme ends of the TMG out

crops (CAGE in the north-west, Hartnady and Hay,

"C (pmC)

-

—p—
Tritium (TU)

“C (pmC)

‘o

o (T | T
CFC-12 (pml)

Figure 6

Redxtions between “C. tnsum and OFC-12 m the Agler- Witzenberg

groundhwater (Taima f 2l 2000) The dashed ine ndicates the end-
mamoers tha! are the expecied rakations in the case of piston-flow, 1 @
Sngle rectiage events. Muong between o waler hypes s inccalad by
powls between Mese end-member ines. CFC- 12 somes e younger

waler befter than b can. The “C confent of the ok end-member

indicates a raswence tme of 8 000 years.

this volume. and Little Karroo in the cast, Kotze et
al., 2000) are presently analyzing large sets of hydro-
chemical data from controlled geological localities.
Differences between the subdivisions of the TMG are
apparent in early versions of the data analysis.

Conclusions and research needs

Recent studies utilising sotope and hydrochemical
approaches have certainly yielded new information
that 1s of use to the groundwater explorer. The (so
far) hmited "'C, CFC and tritium measurements have
shown that the TMG can deliver good boreholes with
waler of surprising greal age. This in turm implies
that there must be reservoirs of significant size sup

plyving these boreholes. The stable isotope data sug-
gest that recharge is frequently at much higher el

cvation than where the water Is being exploited. If
these observations were to hold for the entire TMG,
then there must be vast quantities of water that can
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be uselully exploited once they are properly explored
(Weaver and Talma, 2000).

The Increased pressure on water resources in the
TMG area will inevitably imply that more informa
tion will be required in future. There I8 a need for
basic information of the isotope and hydrochemical
characteristics of rainfall at various localities in the
arca. Regular rainfall monitoring is required. The
standard method of the IAEA-GNIP programme
(AEA. 1992) consists of dally collection of precipita-
tion samples. and pooling them into monthly com-
posites for Isotope analysis, This should be done in
some of the more common meteorological stations,
but more important in the likely catchments which
will help in understanding the extent of the conti-
nental and altitude effects.

The great altitude variations in the TMG area
imply that much Interaction between surface and
ground water will oceur. Studies similar to that of
Cave ¢t al (this volume) in the Agter-Witzenberg Val-
ley should be undertaken in other areas in order to
establish whether the flow patterns and inferred
great storage capacity in the TMG are found else
where. The large area survey ol CAGE (Hartnady and
Hay. 2001) has shown that similar long residence
time aquifers exist as do they in Agrer Witzenberg
and the Little Karroo, These should now be followed
up with local studies on the distance scale of 2-10
km to acquire the type of detail that can vield useful
water turnover information.

The first attempts o use isotopes in radnfall-run-
off studies (Midgley and Scott, 1994) need to be fol-
lowed up with more detatled work. This will indicate
the retention times of water in catchments and are
likely to add useful information to the question of
how much water is stored in the TMG and what the
range of residence times is likely to be,
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Interpretation and Applicability of Pumping-tests
in Table Mountain Group Aquifers

AC Woodford

Toens and Partners, PO Box 18959, Wynberg 7824, South Africa

Abstract

In general. conventional step drawdoun and constant discharge aquifer tests are widely used
in TMG [ractured rocks aqulifers o determine the “sale yield™ of potenttial production boreholes.
Hydraulie properties of the aquifer are often tncorrectly determined using conventional analytical
methods Jor analysing flow in porous aquifers, but this information is rarety ‘wested” or used for
Jurther quantitative analysis (L.e. numerical flow modeling). Very little research has been directed
towvards tmproving the testing or interpretative echnigues atmed at quantifying the hydrawlic
characteristics of this fractured rock aquifer - due mainly to the lack of a plausible conceptual
model that adequately describes its geometry and groundwater flow systermn.

Introduction

The term aquifer- or pumping test is used inter-
changeably by many geohyvdrologists, Strictly speak-
ing. however, a pumping-test refers 1o a more rudi-
mentary form of testing, where the objective is o
obtain information on the performance and efficiency
of the production borehole itself, The results are
usually reported in terms ol yield, observed draw-
down and/or specific capacity, and provide infor-
mation on the productive capacity of the borehole,
efliciency of the screens and for the design of the
pump equipment (Le. pump type and capacity, depth
of intake ete.).

On the other hand, although capable of supply-
ing the above information, the hydraulic: or aqui
fer-est is more a rigorous iesung technique aimed
at providing information on the water bearing for
mation rather than the individual borehole being
tested. [t involves the use of more sophisticated test
ing techniques and spectalised monitoring boreholes
or plezometers, Proper aguifer-testing and data in
terpretation can yvield information on the hydraulic
character of the aguifer (ransmissivity, storativity
ete ). aquitard (leakage factor, hydraulic resistance
cie.) and boundary conditions. scereen ceffliciency,
optimum pumping rates and the ‘safe-yield™ of the
borehole. Intultive analysis of aquifer test data can
be used o determine unknown geohydrological in
lormation (fLe. depth of major water-bearing frac-
tures) and the effectiveness of borehole rehabialita
ton procedures,

Various methods of testing are available includ-
ing slug-injection or -withdrawal tests, multl-rate or
step-drawdown and constant discharge tests, includ
ing the more sophisticated packer-tests (dual packer
and cross-packer tests ete. ). Any combination of the
above testing methods may be used depending upon
the problem being assessed, including mult-
borehole or ‘welllield” tests,

The interpretation of agquifer test data using con-
ventional analytical techniques requires the selec-
ton and fitting of a sultable theoretical aquifer model
to the observed response of the water levels, using
graphical or computer-aided curve-matching tech-
niques. From a historic perspective these technigques
originated from the work of Thels (1935). For a de-
tatled description of the more conventional proce
dures lor agquifer-testing and methods of data analy-
sis the reader is referred o Kruseman and de Ridder
(1994).

Kruseman and de Ridder (1994) stated that “the
analysis and evaluation of pumping test data s as
much an art as a sclence’. 1 is a sclence because it
is based upon theoretical models that the geohydro-
logist must understand and on thorough feld in
vestigations, whilst it is an art in the sense that the
muition and interpretational skills of the practitioner
are imperative in obtaining meaningful results, e
in the sclection of an appropriate theoretical model
where different tyvpes of aguifers often exhibit simi
lar drawdown behaviour,

MO21) T2 H815/1021) 975 3223; fax 02]1) 7625812
E il guooodyss jafrico com

* For purposes of this paper. safe-yield s simply defined
as the rmaxtrmaen rate af whidch a bovehiode can be conttnue
ously pronged wolthowt loweening the weter beved i the
borehiole betow a presenbed Umir (Le. the postion of the
rcadn woaiey Doarbng froctwene)

.
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Conceptual framework within the continuum approach is still a subject of

From a geohydrological point of view, the Table
Mountain Group (TMG) rocks represent a multi-po-
rous medium that essentially consist of two major
components, namely: (1) fractures and (1) inter-frac-
ture ‘blocks’ or rock matrix. In general, the [ractures
serve as the more permeable conduits for the rapid
movement of groundwater, whilst the matrix blocks
form the main storage ‘reservolr” which may itself
be either permeable or impermeable. In reality, how-
ever, the rock mass probably contains many frac

tures of different scales,

A hardrock aquifer that only consists of dis-
crete, permeable fractures that dissect the rock mass
into inter-fracture “blocks’ with little or no fracture
permeability Is referred as a purely fractured rock
aquifer or single-porosity system (Fig. 1A). Kotze
(2000) postulated that the aguifers in the Pentnsula
Formation of the Little Karoo area are of this type.
However, where the inter-fracture blocks are micro
fractured (Fig. 113) or have a primary porosity (Fig.
1C), the system is referred to as a porous fractured
rock aquifer or a dual-porosity system. This type of
aquifer s characterised by at least two hydraulic
subsystems, cach having a different scale ol inho-
mogeneity - referred to as the scale effect. Kotze
(2000) states that aquifers in the Nardouw Forma-
tion of the Little Karoo area exhibit such a dual-
porosity response.,

TMG rocks are generally considered to form dual-
porosity, fractured-rock aguifer systems, where it
Is difficult to simultaneously quantily the ground
water flow within the fractures and the rock matrix,
as well as the hydraulic interaction between these
two subsystems,

On the field-scale, one or two approaches may
therefore be followed when dealing with fluid move
ments in such fractured rocks. namely: (a) con-
tnuum or (b) discontinuum (discrete) methods,

The continuum approach assumes that the frac-
tured mass Is hydraulically equivalent to a porous
medium, The obvious advantage of treating fractured
rocks as a continuum is that Darcy’s Law can be
casily applied. If, however, the conditions for a con-
tinuum do not exist, the flow must be described in
relation to individual fractures or fracture sets. The
question of when can a fractured medium be treated

continued rescarch,

If the condittlons for a continuum do not exist,
the fracture orientation, density, degree of inter-
connectivity, aperture opening. and smoothness of
[ractures will need to be quantified in order to char-
acterise the flow of groundwater in such aquifer sys
tems. Secondly. if the apertures are large. the fllow
may be turbulent rather than laminar, and Darcy’s
law will also no longer apply. Thirdly, the hydraulic
conductivity ol the aquifer will vary with changes in
the three dimensional stress-field and the fluid pres-
sure (Domenco and Schwartz, 1990).

If one wishes to apply continuum based models
to reglonal flow problems, the data employved in such
an analysis should be derived from a testing pro-
gramme that s conducted at a similar scale 1o that
of the regional model. Virtually all the important
parameters such as aguifer permeability, storativity
and dispersivity are significantly smaller on the labo-
ratory scale than on the field scale (Domenco amnd
Schwartz, 1990). Whether application of the con-
tnuum or discontinuum approach is valid will o a
large extent depend upon the scale of the problem,
Le. local or regional flow domination. The informa
ton being gathered from relatively localised, short-
duration pumping-tests will only be relevant to the
local scale problem and the time span over which
the test was conducted, In this regard it is impor-
tant to consider what Is an appropriate Representa-
tive Elementary Volume (REV) for the TMG aquifer
systems. Bear (1972) defined this imit as ‘a volume
of suffictent stze such that there are no longer any
significant statistical vartations in the value of a par-
tieular hydraulic property with the Increasing size of
the element’. The pracucal approach is to test the
rock properties over the largest feasible rock vol-
ume, although such an approach certainly does not
guarantee success. Certain theorists question
whether or not a REV actually exists in fractured
rocks. They believe that as the scale of testing in-
creases, the scale of heterogeneity expands along
with it Le. 1t Is fractal, In other words, every portion
of rock will contain a few heterogeneities that are
not representative of the fracturing found over the
rest of the volume. If this is the case then the con-
tinuum approach will be of little value for the analy-
sis of groundwater flow in fractured rocks, and flow




r

will have to be described through the individual frac
tures or fracture sets.

Hydraulic properties and flow in
fractures

A striking feature of such fractured-rock aguiters is
the spatial vartability of their hydraulic properties,
A parameter such as the hydraulic conductivity de-
termined by classical ficld methods normally varies
by several orders of magnitude within the same rock
unit and often within short distances,

The response of a fractured rock aguifer to pump
ing Is to a large extent dependant upon the degree
unto which fractures are interconnected. e, if the
fractures in an aquifer are well connected then frac-
ture dominated flow will contnue for longer periods
prior to the onset of matrix-dominated flow than in
the case where the fractures in the aguifer are poorly
connected. Hydraulic “boundary”™ effects are com-
monly apparent in the drawdown-curves from aqul
fers where the fractures are not well connected due
to the limited spatial extent of the water-bearing
fracturels),

Percolation theory deals with the concept of frac-
ture connectivity (Domenco and Schwartz, 1990).
The percolation threshold is defined as the density
of fractures that intersect sufficiently to promote Auid
flow. Key questions and difficulties remain in iden
titving the percolation thresholds and obtaining field
data on actual 3-dimensional fracture densities.

Quantification of the hydraulic conductivity and
storativity of the fractures and the rock matnix are
essential for assessing groundwater flow within these
aquifer systems, especially when modelling mass
and energy transport.

Hydraulic conductivity/Transmissivity

The hydraulic conductivities of fractured-rock aqui
fers varies considerably and are dependent upon
the following fracture properties (Van Tonder and
Xu, 1999)

aperture (spacing between fracture walls),
frequency or spacing (density),

length, orientation (random or uniform),

wall roughness lasperities, including the skin
factor),

presence of filling material.

fracture connectivity,

channelling (preferred pathways), and
porosity and permeability of the rock matrix

Flow through a smooth-walled. planar fracture (Q)
Is desceribed by the Cuble Lae, which states that for
a given pressure gradient, flow through a fracture
is proportional 1o the cube root of the fracture’s ap-
eriure
Q -

K bi (Eq. 1)
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where:
- PRY

K, Ty IEq. 2)
where:

K, = hydraulic conductivity

b = aperture of [racture

g = dynamic viscosity

p = flud density

g ¢ gravitational acceleration

1 = hydraulic gradient.

It thus follows that aperture width is the most im
portant factor controlling the discrete flow of futds
within interconnected fractures. Maint and Hocking
(1977) stated that groundwater flow through a
100 m thick, primary aquifer with a hydraulic con-
ductivity of 0.0086 m/d could also occur through a
fracture with an aperture width of only 0.2 mm in a
purely fractured rock aquifer. In general, the hy-
draulic conductivity of fractured-rock aquifers in-
crease with increasing fracture density. average frac
ture length, interconnectivity and fracture aperture,

Typically. the transmissivity of an aquifer is de-
rived from the analysis of aquifer-test data rather
than the actual hydraulic conductivity and there
fore it is useful to derive an equation that relates the
hydraulie conductivity (K) to transmissivity (T) i a
porous media (Van Tonder and Xu, 19949)

T = pgb*/ 12y

Fractured-rock aquifers exhibit strong anisotropy
mainly imparted by the occurrence of untformly ol
entated, parallel sets of fractures and thus flow lines
cannot be assumed to be orthogonal 1o the
equipotentials. In general. the degree of anisotropy
decreases as the number of fracture sets, fracture
density and interconnectivity increases,

(Eq. 3)

Porosity /Storativity

The porosity of a fractured rock mass Is extremely
difficult to quantfy and can be subdivided Into two
basic components, namely: (1) the fracture and (1)
matrix porosity. Aguifer- and tracer-tests are the only
field-based methods currently available for estimat

ing fracture porosity and ellective porosity.

The storativity of the highly permeable fractures
are usually very low in the order of 104 to 10 (Van
Tonder and Xu, 1999), whilst that of the matrix is
much higher (Le, 0,005 - 0.05), This implies that
the radius of influence of hvdraulic-tests can be very
large and of an irregular shape, depending upon
the geometry. onentation and interconnectivity ol
the fracture systemis),

The storativity of a pumped fracture Is complex
and can vary both m time and space as pumping
progresses from (1 a confined ‘storage coefficlent’ at
the plezometric-level above the fracture at some dis
tance lrom the abstraction point to (i) an unconlined
‘specific yield™ at the level of the dewatered fracture
in the production borehole




Part 4 Exploraton

¥ i

Ym

S, o

Sy - Specific Yield
Sc - Storage Coefficient

Figure 2
Vanabie storatnly condtions » the wondy of 8 producton
borehole in & fracturad-rock aguitar

m - Rock Matrix
f - fracture

The vartous hvdraulic conditions that may de
velop whilst pumping from a fractured-rock aquifer
are schematically portrayed in Fig. 2. where a pro-
duction borehole (B ) taps a single water-bearnng fis-
sure situated In a micro-fractured aquifer matrix
The fissure is confined and commonly has a low stor-
age cocclent 1Sc, ~ 10%) and a high transmissivity
Obscrvation piezometer (O ) monitors the response
of the plezometric level in the lissure during pump
ing. The matrix is generally unconfined due to frac
tures opening to the top of the aquifer and therefore
it has a high specific vield (Sy_~ 107), although its
transmissivity is very low. Observation borehole (O )
s situated in the matrix and monitors the response
of the phreatic- or water-table during abstraction.
Deeper-seated micro-fractures associated with the
fissure have a low storage cocflicient (Se_~107),
During the aquiter-test the fissure may become tem
porally dewatered in the vicinity of the production
borehole, which results In the fissure becoming lo
cally unconfined. At this point the storage coeflicient
of the fracture ‘changes’ to that of a specific yield
(Sy ). If the fracture is not infilled with secondary
minerals, the specific vield of the fracture will be
equal 1o 1 (although the volume Is very small) be
cause it can be considered as a voud filled with wa
ter.

The storage coeflicient (S ) of a fractured-rock aq
ulfer can, If it behaves in a similar manner to that of
a confined, porous aguifer, be described as follows
(Bear and Verruljt, in Van Tonder and Xu, 1999)

S = pgiasnf) (Eq. 4)

On the other hand, the specific yield (Sy) of the
fractures is a function of normal stress and can be
defined as (Bear and Verruijt, in Van Tonder and
Xu, 1999)

S, = pll/K +bp) (Eq. 5)
In this case. the aquifer storativity (S) Is the sum of
the previous two contributions, namely

S = pgim/K_+b/K + MnD+b)] (Eq. 6)
where:
= Stworage coeflicient (dimensionless)
= Specifiic vield ([dimensionless)
=  Storativity
Fluid density
= Gravitational acceleration (pg=9804 N/m’)
= Aquifer thickness
= Porosity
= Compressibility of the rock (typically

ranging from 10" 10 10 "'m*/N)

RIONRT LYY
"

B = Compressibility of fluid (B for water is
4.47x10 " m*/N at 10°C)

K_= Elastic Bulk Modulus of fracture
(pressure/ lengeh)

K < Elastic Bulk Modulus of matrix
(pressure/ length)

m = Number of fractures

b = Sum of fracture apertures,

An aquifers response o pumping is dominated by
the clastic bulk modulus of the rock mass and it
follows from Eq. 6, that by virtue of aquifers
thickness and radius of influence, a scale effect will
he observed (Van Tonder and Xu, 1999,

Pump-testing and hydraulic properties of
TMG aquifer systems

A coherent conceptual model describing the flow
dvnamics of the TMG fractured-rock aquifer systems
Is a prerequisite to developing new or successfully
applying existing methods of agquifer-test analysis
to obtain accurate and useful informaton on their
hydraulic properties. At present most groundwaler
practitioners use conventional aquifer-testing tech-
migues and simplistic analytical methods to evalu-
ate the field data, mainly aimed at providing esti
mates of the ‘safe-yvield” of the production borehole
and information required for the design of the pump
equipment (Weaver et al., 1990, Jolly, 1995), The
hvdraulic parameters calculated are not used in
further quantitative analysis. as the rellability of the
information iIs generally doubted

A d-stage step-drawdown test is commonly car-
ried out upon a borehole before conducting a 48 h
or 72 h constant-discharge and recovery test. The
step-drawdown test Is used mainly as a ‘calibration’
test to determine the optimum pumping rate for the
ensuing constant discharge (CD) test, Most of the
CD pumping tests in South Africa are conducted for
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Table 1
W obtained from Aquifer-Tests conducted in the

Wellfield, Citrusdal (after Hartnady and Hay, 2000)
Bore | CODrate Transmissivity (m'/d) Storativity
number | (ds)

M-1 -2 M-3 M-t M-2 M-3

BK1 270 186 180 146 200 4 6E-03 1.26-03
B2 150 10 9 10 9 1.1E-08 7.08-04
BK3 100 4 6 6 9 1.0E-04 1.0E-03
BKS 280 62 60 &9 51 30E-03 1.0E-03
B4 470 56 61 65 87 20E-03 12603
BKS 80 7 & 3 6 B0E-04 5.0E-04
Note:
M-1 - AQUITEST Software, M-3 - FC-Method (Drawdomn),
M-2 - RPTSolv Softaace (Verwey, 1995). M-4 -~ FC-Memod (Recovery).

short durations of less than 48 h, often because of
the large expenses assoctated with longer duration
tests, In general, the information from the constant-
discharge test is then evaluated using the Theis or
Cooper Jacob Method (Kruseman and De Ridder,
1994) for confined, porous aquifers, where devia-
tions from the type-curve are noted and data ex-
trapolation carried out 1o determine a “sale” abstrac-
tion rate (Murray. 1996). The water level recovery
Information is also typically used to determine pump-
ing schedules, Van Tonder and Xu (1998) have de
veloped the Flow Characteristic (FC) Method o pro-
vide a first-order estimate of the long-term sustain
able yvield of a borchole, as well as the hydraulic
parameters for both primary and secondary aqui-
fers. The method attempts o ensure that the total
abstraction from the aquifer does not exceed the
sustainable yield of the agquifer by ensuring that the
walter level does not drop to the depth of the main
water strike. The method is avatlable on an EXCEL
spreadsheet and is widely used by geohvdrologists
In South Africa.

Very little information has been published on
the hydraulic properties of the TMG Aquifer systems,
especlally those derived from aquifer-tests, Typl
cally, transmissivity values are presented in reporis
but are rarely used for further quantitative geohydro
loghcal assessment. The storativity values obtained
from conventional analysis of agquifer-tests in TMG
rocks are almost never published, as they are re-
garded o being even less rellable than the calea
lated transmissivity values

Hartnady and Hay (2000), however, estimated
the regional volumes of groundwater discharging
from the TMG Aquifer system in the Cltrasdal Val
lev using a regional aquifer transmissivity of between
100 o 150 m*/d. obtained from aquifer-lests con
ducted in the Boschkloof Wellfield (Borehole BK- )
in Table 1) and clsewhere in the valley. They ob-
tained a hydraulic conductvity of 1.4 to 25 m/d in

the vicinity of the high-vielding (£100 ¢/s) borehole
BK 1. Hartnady and Hay (2000) calculated a hvdraa-
lie conductivity of 0.5 10 1.0 m/d for the Nardouw
aquifer matrix, using Eq. 2 and detatled fracture
orientations obtained from down hole flow meter,
borehole caliper, well imaging and gamma geophivsi-
cal logging of the "Boontjieskloof borehole in the
Citrusdal valley. They state that. based upon the
results of the aquifer tests, an a priort storativity
value of 107 is reasonable for the decper. confined
portions of TMG Aquilers.

Kotze [2000) used the FC-Method 1o oblain
transmissivity and storativity values from aquifer
tests conducted in the Little Karoo arca (Table 2).
Kotze concluded that the transmissivity of the more
highly fractured portions of the Peninsula Aquifer
system (Le. the faulted keystone blocks) varies
between 150 o 200 m?/d, whilst that of the micro-
fractured matrix rock is in the order of 10 to 100
m?/d (average 50 m?/d).

Kotze states that groundwater flow in the
Nardouw aquifer system appears 1o be dominated
by matrix flow and that the transmissivity of the frac
tured and more massive rockmass averages 50 and
<l m'/d, respectively. She adds that the Nardouw
rocks have on average a lower density and shorter
length of fractures when compared to the Peninsula
Formation.

Storativity estimates obtained by conventional
analysis of aquifer test data shows a dependency
upon the distance of the observation piezometer from
the production borehole (Kotze, 2000), which is due
to the use of Inappropriate analysis technigues (e,
Cooper-Jacob Method). Therelore, the storativity
values obtained using the Cooper-Jacob method are
all unrealistically low (Table 2). although reasonable
estimates are provided by the FC-Method and are
similar to those obtained by Hartnady and Hay
(2000) (Table 1)
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Table 2
Hydraulic properties of the TMG fractured-rock aquifers in the Little Karoo
Area (after Kotze, 2000)

Bore co SWL FC-Method Storativity* Geological
number ’= (mbgl) | transmissivity (m*id) formation

(¥s) Earlytime | Late time
VRE 154 45 2017 7 10x10°(16x10%) | Pennsula
VR7 200 780 168 (228) 144 11x10°27x 107 Pennsula

a0 633 434 (229 161 22x10°

B 633 182 (191) 39 22x10°
VAN 83 1255 60 (100) 4% 11 x 103 Pennsula
DPzs 202 1010 265 (216) 10 22x 10" (1.8x 109 Nardouw
DP15 90.0* 66 (96) 4 21 x107 (1.7 x 109 Nardouw
Note:
() ~Cooper-Jacob Method Kotze (2000) SVF-Method Storatwity = 55x 10°
. ~ Ottaned from ate tima-arawdown data Murray (1986) Borenoke VR 11
SWL - Static-water lovel Drawdown Late-T = 103 m'/d
A - Pump st conducted in 1997 Drawdown Eary-T = 18 miig
8 - Pump test conducted in 1980 Recovery T = 18 m'd

S,=20x10" S, =56x10*

It is interesting o note that the transmissivity
estimates obtained from borchole VR7 vary with
pumping rates and static water levels (Table 2). In
1990, two constant-discharge tests were conducted
on borchole VR7 at pump-rates of 25 and 35 (/s
under similar water level condittons, A third test was
conducted in 1997 at a pumping rate of 20 ¢/s, by
which time the static-water level had declined to the
level of the first of two major water-strikes (Le. 8 /s
at 7681 m.bgl). The second major water strike
yviclded an additional 7 &/s at 129-140 m.bgl. The
water level and speciflic drawdown (Sw/Q) curves
from these tests are presented in Fig, 3. Local de-
watering of the first water bearing fracture occurred
during all three of the tests. A similar aquifer re-
sponse 15 noted in the 1990 test at 25 ¢'s and the
1997 test at 20 Us, clearly shown in the Sw/Q
curves, although the early T-value obtained from the
1990 test using the FC-Method Is somewhat high
(Table 2). The 1990 CD-test conducted at a pump-
ing rate of 35 ¢/s Is in excess of the maximum yield
of the borehole and hence the sharp decline In wa-
ter level within the first 100 minutes, The inflection
point and Nattening of the drawdown curve after 100
minutes may indicate the presence of a signilicant
water-bearing fracture at 101-103 m (the ornginal
drill-logs noted fracturing at 99 and 106 m. without
an increase in the blow yield of the borehole).

Step-drawdown tests are extremely useful and
complementary procedures that should be included
in most aquifer-testing programmes, They provide
information on the vield potential of boreholes, the

hydraulic efficiency of the scereens and near-well
aquifer zone or ‘skin’. effectiveness of borehole re-
habilitation procedures and the presence of hydrau
Iic (recharge boundaries) or physical discontinuities
(Le. water-bearing fractures). Kotze (2000) states
that borehole efficiencies obtained from step-
drawdown tests conducted in the Nardouw rocks of
the Little Karoo area are low when compared (o those
tested in the Peninsula Formation, which she as-
cnbes o the greater abundance of clay rich lavers
in the Nardouw Formation and to the oxtdising con-
dittons of its groundwater. which leads o increased
clogging of screen intakes by slime-torming bacte-
ria.,

Mulder (1995) and Jolly (1998) conducted step-
drawdown tests on production borehole VR in the
Vermaaks River Wellfield in 1991 and 1997, respec-
tively. The 1997 test was carried out under lower
water level conditions (static water level of 141.7
m.bgl as opposed to 125.5 m.bgl in 1991) and where
the 2 /5 vielding [racture at 139 m was de-watered.
However. the hydraulic efMiciency of the borehole was
significantly lower in 1991 when compared to the
1997 test ISW/Q curves in Fig. 4A and B), despite
the fact that the Iracture at 139 m.bgl was still satu-
rated. This is probably due to the gradual ‘develop
ment’ of the borehole over time after it was commis-
sioned in 1993, whilst the 1991 test was conducted
upon an undeveloped borehole directly alter com-
pletion of the drilling (Le. where the fractures were
probably partially clogged by line material left from
the drilling process).
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The 1991 test indicates the
presence of the water-bearing
fracture at 139 m.bgl, albeit not
that apparent In Fig. 4A, by a
sharp increase in the water level
drawdown at this point. The pre-
sence of this fracture Is more
clearly visible in the drawdown
curve of the constant-discharge
test (Fig. 5).

The water level at the end of
the CD test shows a sharp
downward trend, following the
localised de-watering of the 139
m [racture, and it is unfortunate
that the test was not extended
to confirm this trend. However,
the step-drawdown tests would
tend to Indicate that, at this dis-
charge rate, the water level may
have ‘stabilised’ in the short-
term above 145 mubgl (Fig, 4A)
The geological log Indicates the
presence of a fracture at this
depth that ‘'may be water-bear-
ng’.

This tllustrates one of the
values of a properly execuled
step-drawdown test wherein the
full discharge capacity of the
borehole has been tested (ie,
the pumping rate has been
gradually increased to draw the
water level down to the depth
of the last major water-strike)
In the case of borchole VRI1,
the water level was drawn down
to the top of the major water
bearing (6 ¢/s) fracture zone be-
tween 183 and 194 m (Fig. 4A)
A decper-seated fracture vield-
Ing 2 ¢/s was intersected at 200
m. byl

Less (pers. comm.) used
step-drawdown tests to ascer
tain the effectiveness of the
Blended Chemical Heat Treat-
ment (BCHT) and re construc-
tion of production borehole
DI'10 in the Little Karoo Water
Supply Scheme. The borehole
was originally equipped with
flame slotted steel casing. The
vield of the borehole began o
decline over time due 1o clogging
of the casing-slots and near-well
fractures by slime-forming bac
teria, Inittally a 9 step-draw-
down test was conducted on the
original slotted-steel cased
borehwole (Fig. 6 - T1) The cas
ing was then removed from the
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borehole and a second test (T2) carried out upon the open hole. The
pereentage open-area of the slotted-casing was found to be inadequate
for the vield of the borehole and was further reduced by corrosion and

clogging of the slots by siime-forming bacteria,

The BCHT borehole rehabilitation method was then applied to the
open hole In order (o remove the bacterial-slime from the aguiter in the
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vicinity of the well, where after a third step
drawdown test (T3) was conducted. Stainless steel
wedge -wire, O.75 mum slot-width sereens and solid cas
ing were then installed into the hole and a fourth
test (T4) carmied out (Fig. 6)

In this case, the ‘inflection-points’ on curves Tl
and T2 at a discharge of 375 m'/d (Fig. 6) indicates
that the pumping rate is higher than the rate of
groundwater inflow 1o the hole due to restrictions
caused by clogged, poorly slotted steel casing (T1)
and clogged near well fractures (T2). In the case of
curves 13, the ‘inflection point” at 700 m’/d is a re-
flection of the true maximum yield of the borehole
(Le. related 1o the transmissivity of the water-bear-
ing fractures),

I'be step-drawdown tesis were used 10 assess the
effectiveness of the rehabilitation process, and they
clearly showed that removal of the inetlicient flame-
slotted steel casing and the BCHT procedure im
proved the ‘efficiency’ of borehole DPIO by about
5% and 25%, respectively.

The majority of aquifer-tests conducted in the
TMG Aquifers are almed at obtaining a first-order

estimate of the sustainable yield of a production
borehole, as well as the design of the pump equip
ment and abstraction schedule, Vanous evaluation
methods are used by geohydrologists with varied
degrees of success. In the following case study, the
safe-yield” estimates derived from the analyses of
aguifer-tests conducted upon production boreholes
in Vermaaks River Aquifer Unit of the Little Karoo
Rural Water Supply Scheme ILKRWSS) are compared
with the actual long-term performance of the
wellfield.

Case Study

Little Karoo Rural Water &3&1,
Scheme - borehole ‘safe-
versus the sustainable yield of the

aquifer

The Vermaaks River Groundwater Unit IVRGLU ) forms
part of Little Karoo Rural Water Supply Scheme
ILKRWSS) and some 36% of the annual 1.1 x 10" m’
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of groundwater abstracted is ob-
tained from the Vermaaks River
Wellfield (Jolly, 1995), A number of
aquifer-tests have been conducted
on the production boreholes in this
wellfield over the past 10 years and
cvaluated in terms of their “safe-
yield® by various geohydrologists
Sinee belng commissioned in 1995,
the performance of the Vermaaks
River wellficld has been monitored
and therefore it provides an ideal
opportunity to assess the aquiler-
test evaluation technigques used to
determine the long-term sustain-
able vield of the wellfield,

The VRGU covers an area of ap
proximately 1085 km” (Fig. 7) and
receives a mean annual precipita-
ton (MAP) of 494 mun. The bounda
ries of the groundwater unit are as-
sumed to be similar to that of the
Vermaaks River catchment, except
that it's northwestern boundary is
formed by the Cedarberg Shale. The
Vermaaks River Wellfleld consists
of four production bhoreholes,
namely: VR6, VR7, VRSB and VR11,
which tap a fractured quarizite aqg-
uifer in the Peninsula Formation,

In February 1993, after evaluat-
ing the step-drawdown and 72 h
constant discharge tests conducted
upon the production borcholes in
1990-91, Mulder (1995) estimated
the 24 h production potential of the

Table 3
Vermaaks River Wellfield - Recommended pumping rates of
production boreholes

Borehole Recommended pumping rates (Us)
number

Feb 1990* | Nov 1993* | Feb 1995* | 199" 1998° 2000°
VA6 12(20) B(15) 8110) 30 . 25
VR7 30 (40) 20 (30 20 (30) 50 11 (25) 10
VRS 15(25) | 0o | 1020 50 . 3
VRN 15025 | B80S 8015 70 6(10) 3
TOTAL T2(10) | 4680 | %05 200 17 (35) 185
NOTE:
A Muider (1985)
B Kowe (1935)
C  Jolly (1996)
D Kowe (2000)

¢ Mulger's February 1993 recommendatons are based upon the evaluaton of step-
drangown and constant-dscharge aquifer-tests conducted in 199061,

o Mulder's Novermber 1993 and 19585 recommendasions are based upon the
evaluation of the 1990 aculer-test data and monitonng of groundwater-levels anc
abstraction.

o Kotze's (1935) recommendations are based upon step-drawdown and constant
dscharge lests conducied in 1980, as well as e mondoring of groundwaler-levels
and abstraction.

¢ Jolly's recommendations are based upon step-Grawdown and constant discharge
tests conducted in 1867, as wel as the monitonng of groundwater-levels and
avstracton

¢ Kotze's (2000) recommendations are basad upor step-dramdonn and constant
dscharge tests conducted n 1960 and 1997, as well as the monilonng of
groundwater-ievels and abstracton.

welltield at 72 /s - with a peak sup-

ply potential of 110 &/s (Table 3).
Caostly. high-yielding pumps were installed in the
production boreholes to meet this expected vield.
In November 1993, after only cight months of pro-
duction, Mulder re-evaluated the pump-test data
in conjunction with the abstraction and water level
monitoring data and down scaled the long-term pro
duction potential of the wellficld (o 40 s (peak 80
t/s), This indicates Mulder overestimated the pro
duction potential of the welltield by art least 6%
when only using aquifer-test information. In 1995,
Kotze (1995) again re-adjusted the supply potential
of the wellfield downwards 1o 20 &'s due to conti
nual declines in water levels in the wellfield, rep-
resenting a 72% downscaling of Mulder's (1995)
original vield estimates

Jolly (1995) conducted lurther step-drawdown on
boreholes VRG, VR7, VRS and VR1 1, as well as 72 h
constant-discharge tests on boreholes VRG and
VR7. He recommended that only boreholes VR7 and
VR11 should be continuously pumped at a rate of
11 and 6 Us, respectively, as boreholes VRG, VR7,
and VRS are interconnected with one another. Jolly
adds that this combined vield of 17 ¢/s i1s a con

servative estimate based upon the current water
demand only. He also stated that boreholes VR7
and VR11 are capable of vielding up 10 25 and 10 ¢
s. respectively, on a continual basts, which could
add an additional 18 €5 to the supply ~ but added
that accurate estimates of the volumes of raunfall
recharge and a water-balance calculation were re
quired in order to obtain the long-term sustamable
vield of the Vermaaks River aguifer unit. Kotze
12000) conducted such recharge and water-balance
studies using 74 months of hydrological monitor-
ing data, as well as a re evaluation of the 1990 and
1997 aquifer-test data.  Kotze estimated that the
long-term supply potential of the welllield is in the
order of 8.5 /s (Table 3). which is similar to that ol
Jolly (1998).

The gross overestimation of the long-term sup
ply potential of the Vermaaks River welllield when
relving solely upon conventional methods of aqui
fer-test analysis serves to highlight a problem that
s currently being expenenced by many groundwater
practitioners working in the TMG fractured-rock -
uifers and has led some o question the value of
such tesis,
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Table 4
Comparison of sustainable mmmmaﬁumm
water level and abstraction monitoring in the (after 2000).
Sustainable yield estimates for production boreholes
Bore analysis Analysis of long-term
s < — TR T EREGE -ﬁ’%‘?ﬂ—‘
rateds) |[Yied, | O, | Vieid, | O, MT‘Tmﬂ_a volume | mended® | mum*
(0s) (0s) (93) method*| is) | (ts)
Aos)
VRS (154) TA 170 14 32 24 r 25 s
VR7 (20) 200 40 na 16 . . . 89 63 100 150
VR7 (25) . . . . 100 16 84 .
VR7 (35) 42 16 59
VRa . . . . . . 20 0 50
VR11 (8.3) 71 49 41 16 41 18 40 40 23 a0 40
Total 345 16.7 153 133 185 275
m'/d 2981 1443 1322 1153 1596 2378
Notes
A - Flow Charactenstic Method (Van Tonder ang Xu, 1998), which ncluded considerabion of hydrogeclogical boundianes
(advanced solution)
B - Thes Method using the Cooper-Jacob Approximation (Van Tonder and Xu, 1999),
C - Sawrated Volume Fluctuation Motnod (Bredenkamp ot al, 1995), using raintal, absirachion and waler ivel mondanng data
for thepenod Apeil 1993 to March 1669 (74 months)
D - Visual inlerpretation by expanenced hydrogeciogst of rainfall, abstraction and water lavel montoring data for the perod Aps
1963 10 March 1999 (74 months).
D, - Avalable Drawdown (m) « Fesi-Water level - Depth 1o 1° Major Water-Strke
D, - Avallable Drawdown (m) = Rest-Water lavel - Maximum Drawdown During CD-Test or inflecion in drawdown curve.

Table 5
Volumes of abstracted
':-m 1993 to 1””
(x Kotze,
Borehole | Cumulative | Change in
number abstraction | water level
(m) (m)*
VRE 642 151 150
VR? 1246 235 200
VRa 428 410 215
VAN 482 077 285
TOTAL 2804 882 .
NOTE

* - pegative values Indcate a drop In water
level over the period Apnl 1993 10 Apnil 1583

Kotze (2000) re-interpreted the 1990 and 1997
aquifer-test data using the standard Thels method
and the 'Flow Characteristic’ or FC-Method (Van
Tonder and Xu, 1999) and the results are presented
in Table 4. The FC -Method s currently being widely

Table 6
Estimated mean, maximum and minimum
rainfall recharge to the Vermaaks River
Groundwater Unit
Recharge Units h:-p
m/a m'd s | (% of MAP)
Mean 206072 | 3585 65 38
Maxmum 259675 m 82 48
AMoenum 133 787 367 42 25

used to obtain ‘safe-yield” estimates for boreholes
tapping fractured-rock aguilers in South Africa. A
major problem in applying the method is that the
‘sale yicld” obtained s strongly influenced by the
‘avallable-drawdown’ input into the programme. The
authors suggest that the depth between the static-
water level and the mam water vielding fracture be
used as the avallable-drawdown.  This may led to
an overestimation of the sustainable vield of
borcholes situated In TMG Aquifers where discrete.
high-vielding, deep seated fractures are common
The FC-Method provides a combined yield estimate

-80-
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Varmaaks Rver Waleld - abstracton randal and waler leved Rucatons over the penod Aped 1993 1o March 1999
of 34.5 ¢/s for three, namely VRG, VR7 and VR 1, of An average of 1 252 m'/d (14.5 ¢/5) of ground
the tour production boreholes in the welllield using water was abstracted [rom the VRGU over the pe
this method of determining the avatlable drawdown riod April 1993 1o March 1999, Kotze (2000) esti
Me combined sustainable yvield ol these boreholes mated that the sustainable vield of the welllield s in
drops to 16.7 ¢/s i the avalable drawdown is arbi the order of 1595 m'/d (Table 4). based upon the
trarily taken as the difference between the stati analvsis of abstraction, water level and rainfall

water level and the maximum water level drawdown
the constant-dischar
* Rowze's

IS5 Us lon

attained at the end ol

which Is simitlar o
d vield of
lable 4)

thie

20000 long term red

ommende the four production

boreholes
In this «

150 Theis Method provides a more
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15V

7.2. .9 and 56 /s
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although this abstraction (up to March
led 1o a substantial decline in the spring flow
(Table 5) and water Fig. 7. Table 5)
may suggest that the sustamable vield of
than
Spring was estimated 1o be

levels which

the welllield

in even less Kotze's estimate. The Vermaaks

flowing at 860

10 /s prior to the commencement o

m' ' d or

pumping. In

March 1999, the spring How was measured at 259
m/d or 3.0 Us (Kotze, 2000). The regional water
levels in the Vermaaks River aguifer unit have de
clined by approximately 2m, the arca of decline b

ing restricted to within a Tkm radius of the produ

ton borcholes (Jolly, 1995). Helow e rainball
conditions were experienced over /4 -month
period (Le. 2992 and 1890 mm was measured an
the Wildebeesviakte and Dvsselsdorp Purification
Works rain gauges). Kotze calculated an annual re
charge from rainifa f 452 600 m 1 240 m 'd
ssuming a 14 rate ol recharge and using the
Wildebeesviakte precipitation data. which s equiva
ent 10 the average datly rate of abstraction from the
wel 'll

Kotze (2000) used a number of methods to de
termine the rate of recharge from rainfall and ob
tained estimates that varied berween 13 amnd 19 ol
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the MAP, e, 14.4% lor the Cumulative Ratnfall D
parture or CRD method using a cut-off ramnfall of
10mm / month and 16.4% lor the Saturated Volume
Fluctuation or SVF Method., Similarly Kotze deter
mined a 5% rate of recharge for the adjoining
Nardouw Formation aquiler system

A GIS raster-based approach was adopted w os
timate the annual volumes ol recharge o the
Vermaaks River Groundwater Unit (Fig. 8). The an

nual volumes ol rainfall

recharge (o this unit were
determined using a 25 x 25 m cell-size raster grid
of mean annual precipitation and s staustical co
eflicient of variation (Schulze, 1997), as well as
terrain slope (Table 6). It is likely that the present
welllield will intercept the majority of this recharg
given the size and geometry of the catchment, and
placement of the production boreholes along faulls
in the narrow valley floor. These estimates are
considered to be conservative and are substantially
lower than Kotze's (20000 value of 452 600 m 1
partly due 10 the fact that she used a smalles
catchment area (6.5 km*) and a higher rate ol
recharge rate (14%). The annual rainfall recharge is
thus estimated to vary between 250 000 (7.9 U's
and 450 000 m” (14.3 £/s5) - the upper limit of which
is accepted as the sustainable vield of the aguifer
it under normal rainfall condittons (Le. Hmit at
which no long-term “‘muning’ ol the aquiler occurs)

If the estimates of the ‘safe yield” ol the wellfield
obtained from the analysis of aquifer-test data (Ta

bles 3 and 4) are compared 1o the results obtained

from other methods that make use of the long term

r Supply Scheme

hydrogeological and climatological monitoring infor
mation in the Vermaaks River Aquifer Unit (Table 4
and 6, 1t is apparent that the lormer tend to overes
timate the actual exploitation potential ol the aqui
fer system. This is especially true of the carlier
welltield ‘sate-vield’ estimates obtained from the con
ventional analysis of aguifer-test information alone
which resulted in an overestimation of about 400

Recent more practical methods of analysing aqui
fer-tests in fractured-rock aguifers (Van Tonder and
Xu, 1998 Murray 1996) tend to produce more real
stic estimates of the sustamable vicld of a borehole
. The testing of individual boreholes within a
welllield or aguifer unit does not take into account
the interference ellects of other production boreholes
and thus simply summing the ‘safe yield' estimates
obtained from such analyses will obviously result in

i overestimation of the supply potential

Conclusion and future research
needs

Fractures strongly influence the movement of flaid

through a rock formation. Conventional well-flow
cquations, developed primarily for homogencous
aquifers, therefore do not adequately describe flow
in fractured rocks. In recent years, many theoretd)
cal racture-flow models have been developed. These
models are often complex due 1o the complex mecha
nisms of Mluld low In fractured rocks. The chwice of
the correct theoretical model 15 a crucial step I the

correct

interpretation of aguifer-tests the model




chosen s incorrect, then the hydraulic parameters
calculated will also not be correct. A troublesome
fact s that some models, developed for different
aquiler systems, respond similarly to a given pump-
Ing regune.

In general, conventional step-drawdown and con-
stant discharge aquifer - tests are widely used in TMG
Aquifers to determine the “safe vield' of potential
production boreholes, Hydraulic properties of the
aquiler are often incorrectly determined using con-
ventional analvtical methods for analysing flow in
porous aquifers. but this information is rarely
‘tested’ or used for further quantitative analysis (Le.
numerical flow modeling). Very little research has
been directed towards improving the testing or in-
terpretative techniques aimed at quantifying the hy
draulic characteristices of this fractured rock aquiler
= due mainly to the lack of a plausible conceptual
model that adequately describes its geometry and
groundwater flow sysiem.

Recently a number of practical methods of agui
fer-test analysis have been developed locally and are
ammed at estimating the ‘safe vield” of a borehole
These techniques are widely used by groundwater
practitioners and. if applied correctly. can produce
reasonable results,  However, subjective judgment
s required and therefore the results obtaned are
ultimately dependant upon the skills of the inter
preter. There is also an abundance of ‘user-friendly’
soltware packages avallable for the Interpretation of
aquifer-test data that operate in a ‘black-box’ fash-
fon and where the results are simply accepted as
being correct. This may lead geohydrologists 1o not
fully evaluate the avallable geohydrological informa-
ton and/or to the ‘loss’ of many of the skills of aqui-
fer-test interpretation,

Due to the above problems it is often commented
that ‘converntional aguifer tests in TMG Aguifers are of
little practical value, when compared to the cosis
incurred’. even when the alm is to simply assess the
‘sife yield” of a borehole. The role of the aquifer-test
must however be viewed in its proper perspective,
where it is just one of the many ‘tools” avallable to
the geohydrologist to gain information on the physi
cal characteristics of the agquifer system and the
borehole itsell. The mitations of the aguiler testing
procedures and analysis techniques adopted needs
1o be fully understood. The individual test results
themselves only represent localised sources of in-
formation within the greater aguifer unit, It is there
fore imperative that the results obtained from such
tests be integrated into or collaborated using other
methods that take into account the spatial and tem-
poral variability of the aquifer system (Le. interfer
ence of production boreholes. boundary conditions,
aquifer recharge cte.). This 1s normally carried out
using numerical flow models or, I sufficient infor
mation Is not avallable, via some form of simplistic
waler-balance study.

In order to improve the aquifer-testing and analy
sis techniques and thereby the understanding of the

flow dynamics of the TMG aguifer systems. the fol
lowing rescarch Is required:

. Formulation of a more coherent conceptual un-
derstanding of the TMG aquifer systems on
both the local and reglonal scale, Le. aquifer
geometry, flow dynamics (vertical versus
horizontal flow, shallow versus deep ground-
water circulation). hydro-chemistry, definition
of hydro-stratigraphic units and their geo-
hydrological charactenstics etc

. Collation and evaluation of existing aquifer-test
information from selected geological units and
at various geographic locations (e, according
to pre-defined structural domains., stratigraphic
units ete, ) within the TMG outerop area, as well
as an assessment of the technigues currently
available for data analysis. Characterization of
the hydraulic properties of TMG aquifer
systems.,

. Quantification of regional flow syvstems using
this information in numerical models, especially
in areas where historical groundwater abstrac
ton and hvdrological monitoring data are avail-
able,

. Use of innovative and specialised aguifer-test-
Ing procedures (Le. dual- or cross-packer tech
nigques) and observation piczometers o isolate
and test specific water-bearing fracture-zones.
Other wols such as down-the hole geophysi-
cal logging techniques (Le. flow measurements)
will aid in defining the important water-bear-
ing fractures, These techniques will also be of

use in assessing deep seated aguifers in the
TMG rocks.
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Identification of Targets for Drilling in Table
Mountain Group Aquifers

P Rosewarne'* and JMC Weaver’
'SRK Consulting Englneers and Scienrists, PO Box 6824, Roggebaal 5012, South Africa
‘Groundwater Group, Cape Water Programme, Envuaonmenitek, CSIR, Stetlenbosch. South Africa

Abstract

The Table Mountain Group (TMG) comprises a >2 (00 m thick sequence of sedimentary rocks ranging
frorm orthoguartzite o arkose, conglomerate and shale. It comprises eight Jormations and oulcrops
over an area extending from Vanrhynsdorp to Cape Hangklip to Port Elizabeth.

The Peninsula Formation appears to be the best target for drilling. while the Graalwater,
Pakhuis and Cedarberg Formations are agquitards al best.

Tamers jor drilling in the TMG range Jrom reglovsal scale fault systems or higdrotects 1o bedding

plane openings.

Drilling depths of up w0 250 m or more are warranted in sultabie areas.
A sound understanding of the stnuctural geology of an area is a prerequisite for successful
bovehole suing. as ts atr photo interpretations. Geophysical technigues are often of lmited use in

this respect.

Introduction

The TMG comprises rocks ranging from ortho
quartzites to quartzose shales. This thick succes-
sion of sediments was deposited on the continental
margin. the “Cape Trough®. Subsequent to depaosi-
ton they were subjected to low-grade metamor-
phism, essentially only lithification due to compac-
ton. which has resulted in there being no primary
porosity. Also because of the low grade of metamor-
phism. the minerals are stable and secondary po
rosity created by chemical weathering, such as found
in granites, is nol encountered. Thus, groundwater
is found in secondary openings created during frac-
turing, faulting and folding. Consequently, to locate
successiul boreholes In the TMG. one has to site a
borchole which will encounter an open fracture and
of course which is filled with water.

There are other minor occurences of groundwater
which are briefly mentioned. Weathering of the TMG
produces a coarse grained sand, This is seldom more
than a few metres thick and rarely over 10 m. When
this Is thick, arcally extensive and the local geo
morphology is suitable, it can produce sustainable
horeholes. An example is Botrvier. where the sand
5 up 28 m thick and vields ranges from 0.5 w0 2 U's

The second occurrence Is where thick piles of
weathered and trunsported TMG material occur. Al
though not strictly TMG. they are mentioned becanse
the existence of these aquifers is directly related to

* To whan all corresponddence showld be addressed
MO21) 421 7182 fax (021] 425 4648;
emall: prosewame srk ooz

I'MG geomorphology. These are the alluvial fans and
river channel deposits. The Hex River Valley has
both types of aguifers and high yields are obtained
from boreholes in these deposits. Locally these can
be very important aquifers.

Target formations

At the broadest level of target identification, and
where the cholce is avallable, there is the difference
in groundwater potential between the various for-
mations ol the TMG to consider. The Graafwater
Formation and Pakhuls/Cedarberg Formation are
classified as aquitards at best and so the choice
comes down to the Pickenierskloof Formation, Pe-
ninsula Formation and Nardouw Subgroup

Piekenierskloof Formation

In the western outcrop area of the N-S limb of the
Cape Fold Belt, the cholee of drilling targets is be-
tween the Pickenierskloof and Peninsula Formations
(PFL The [ormer wedges out just south of Porterville
and also changes from a rudaceous lithology in the
north to more arenaceous in the south.

Umvoto SRK (1995, 2000) class the Plekeniers
kloof Formation as an aquifer and, from yield disin-
bution data presented, there is little difference in
potential between this formation and the PF. How
ever. this is based on existing farmers’ boreholes.,
The PF Is >1 000 m thick compared 1o <100 m for
the Plekenlerskloof Formation and the former would
be the preferable target lor large-scale groundwater
abstraction.
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In a water supply project for Lamberts Bay, Maclear
11998) sited two of the three wellfield production
boreholes on the contact between a dolerite dyke
and conglomeratic sandstone of the Plekenlerskloof
Formation at Wadrif. Sustainable yvields (7 - 12 t/s)
of fresh 1o moderately saline groundwater were
achieved with testung. indicating this type of drilling
target to be favourable in TMG Aquifers. However,
they are of fairly localised occurrence

Peninsula formation

This thick pile of orthoquartzite 1s a prime target for
drilling, although the thickness varies. For example
at Table Mountain, it is 575 m thick, whereas in the
Hottentots Holland Mountains, 50 km to the east, it
Is 1 200 m thick. As this s an orthoquartzite with
virtually no argillaceous zones, fractures are open
to great depths. Access for drill rigs is usually quite
difficult and Is often via the Cedarberg Formation
band and then into smaller Kloofs leading off at right
angles giving access (o the upper zone of the PF,
These kloofs are often fracture controlled and thus
are drilling sites.

In the CAGE arca (Umvoto-SRK) the confined Pe-
ninsula Aquifer is seen as the best target for in
creased groundwater exploiiation, with many tens
of metres of drawdown available above the confin-
ing Cedarberg Formation.

In the Citrusdal area Umvoto (op. clit.) recognised
large-scale structural features in the PF. termed
hydrotects, which largely control groundwater move-
ment. These mainly trend NW-SE and are deep-
seated features, They are interconnected with a shal-
lower intensively fractured zone which is present over
maost of the area. The main agquifer in this area is the
Peninsula Aquifer.

Nardouw formation

On visual appearance this formation has the prom-
tse of producing high-yielding boreholes. The quartz
ite weathers to produce a rough topography, collo-
qutally often termed “Skurweberg™ (translated as
Rough Mountain), with weirdly-shaped bare rocks,
many gullys and cracks exposed in the bare rock
surfaces. However, drilling results are usually guite
disappointing and, whereas water is usually ob
tained, yiclds are often low.

If given the opportunity. boreholes should rather
be located in the underlying PF or the Lower Bokke-
veld. For example, borehole siting for a farmer in
the Citrusdal Valley some 13 km north of Citrusdal
resulted 1n six low yielding boreholes in the Nardouw
or in the Cedarberg (dry), Three additional boreholes
were sited on prominent fractures in the Nardouw,
again with indifferent yields. A fourth borehole was
sited on the only access point into the PF at a point
which appeared on the orthophoto (0 be a minor
fracture. The borehole was high-yielding with an air
It over 25 /s (Weaver, pers, comm. ),

At St Francis-on-Sea, the main aguifer is the
Nardouw Subgroup, which consists of thinly bed
ded sandstones dipping at ~ 45" . while the PF is more
massively bedded, Even though the Nardouw Sub-
group is covered by up to 40 m of superficial depos-
its and boreholes were sited randomly. a high suc-
cess rate was obtained. Out of 15 boreholes drilled.
only one was a fallure and the rest gave yields of
2 10 15 ¢/s. The main target feature here is bedding
plane openings.

In the Hex River Valley a similar situation exists.
The Nardouw Subgroup of the Hex River Mountains
is dipping at ~45" to the south-east and bedding
plane openings are again the main groundwater
bearing leatures.

The Ceres municipal wellfield (50 £/s5) was devel-
oped on NW-SE trending fractures in the Nardouw
Subgroup. This s a dominant trend of major faults
and fractures in the Cape Fold Bell between Ceres
and Vredendal.

Comparison between the Peninsula
and Nardouw Aquifers

In the Klein Karoo area. significant differences in
hydrogeologic characteristics occur between the
Nardouw and Peninsula Aguilers in the absence of
permeable agquizones, which may connect the two.

The Peninsula Aquifer usually outcrops at higher
altitudes and 1s separated from the Nardouw by the
Cedarberg Formation. These are the so-called TMG
window arcas. They receive more rainfall and snow
and therefore more direct recharge. Groundwater
flow paths and residence times are shorter, provid-
ing low EC/TDS groundwater. On the contrary. the
Nardouw Aquifer recetves less direct recharge and
groundwater travelling via cross-cutting fractures
from the Peninsula Aquiler has longer travel-times
and therefore higher EC/TDS.

The Peninsula Aquifer has a lower shale content
and is much more fractured than the Nardouw and
the flow system Is therefore more dynamic, §.e. more
active flow circulation and recharge and less block-
ing of permeabilities from the products of shale
weathering. The highest vielding boreholes (10 &/s
to > 20 ¢/s) with the best quality groundwater are
found in the Peninsula Agquifer of TMG window Ar-
cas on WNW, N-S, NNE and E-W trending fractures,

Lower Bokkeveld Formation

In many areas, this group of three shale and three
quartzite units Is quite heavily exploited with high
yields being obtained from individual boreholes.
Successiul boreholes are sited so that 50-100 m of
shale is dnlled and then a quartzite band intersected.

In the Agter-Witzenberg Valley there are over
100 boreholes in this unit. The Nardouw is
accessible but s not drilled because. although
“water Is usually intersected. yields are low and
not worth the effort” (quote by a local farmer), During
the Agter-Witzenberg project (Weaver et al., 1997;

-86-




Part 4. Exploraton

Cave et al., 2001) one borchole was drilled into the
Gamka Formation gquartzite band. The airlift yvield
was about 25 s and is currently being used by the
farmer to irrigate 15 ha. About 1| km to the north
west is a borehole in the Hex River Formation, which
is pumped continuously at ~18 /s for 8 months/
annum. In the Ceres district (Rosewarne. 2001))
these quartzite bands are extensively exploited

Access for a drilling rig Is casy because the
shales produce good quality solls which are
extensively planted, especially to orchards and
vineyards. This is a double benefit because the water
Is close o the point of consumption.

Another drilling target is the contact zone of the
bottom shale band, the Gydo Formation, with the
underlying Nardouw Subgroup quartzites. The dil-
fering properties of the shale and quartzite results
in fracturing at the contact. During the Agter-
Witzenberg project, a borehole was drilled specifi-
cally to obtain groundwater from this zone and had
an air-lin yiekd of =7 /5. At a farm development site
some 31 km west of Touwsrivier on the Ceres road,
four boreholes sited on an anticline of Nardouw
quartzite plunging under the shales produced yields
ranging [rom 3 to 6 ¢/s (Weaver, pers. comimn. ).

Target features

Joubert (1970) was probably the first person to pub
lish a paper identifying the TMG as an important
regional aquifer. In terms of targets for drilling, he
wrote, “Successful siting of boreholes In the Table
Mountain sandstone depends on the recognition of
a favourable fracture system which acts as both
porosity reservolr and local high permeability zone
In particular. 1s one fracture set of very constant
ortentation, striking cast west and dipping near ver-
tical to the south.”

Specific target features within the various for-
mations Include the following:

. Major regional fault systems extending over
tens of kilometres, termed Hydrotects by
Umvoto (op. cit.). These are lormed by major
crustal deformation and drilling depths of 250 m
or more are required to obtain optimum results,

. More localised fractures/ faults assoctated with
folding and other local stress felds.,

. Bedding planes. These are important in the
more thinly bedded Nardouw subgroup.
particularly in the Hex River Valley and at St
Francis-on-Sea (Rosewarne, 2001)

In regronal flow systems such as at Citrusdal and
the Kamanassie Mountains, groundwater recharge,
movement and occurrence is related to a complex
system comprising all of the above features,

Although the TMG has favourable groundwalter po
tential, both gquantitatively and qualitatively, some
adverse features include:

. Hydraulie conductivity inhibiting material such
as breccia, mylonite and fron and manganese
oxides can render fractures less effective as
groundwater conduits,

. Much of the TMG outcrop arca is mountainous
and inaccessible for direct groundwater
exploitation.

Borehole siting methods

Alr-photo and satellite image interpretation is an
essential pre-requisite to identify target features.
Having wentified the vanous fractures one has o
determine which are the more likely to be open and
conversely which are likely 1o be closed. For a par-
ticular area determine  obtain the local stress field
and choose o drill the fractures which parallel the
tension direction and not the compression. If fold-
ing Is present, then the axis of anticlines and
synclines are drilling targets.

Quartzite horizons below shale are often good
prospects. Detatled fiekd mapping to determine the
angle of dip and surface contact outcrop is needed
=0 that 50 10 100 m of shale s drilled before inter-
secting the quartzite. Joubert (op, cit.) considered
that magnetometer surveys were of particular use
in picking up ferruginised breccia zones.

Geophysical methods have some limited appli-
cation in the TMG and this is discussed in greater
detall in this volume (Fraser and Quinton, 2001).
Electromagnetic (EM) traverses may be useful to de-
lineate fractures. The theory of magnetometer geo-
physics indicate that this method has no applica-
tion in the TMG. Resistivity soundings (Schlumberger
arrayl can be uscful especially if used o eliminate
very high resistivity response sites as being likely to
be solid rock. However one must always take into
account when evaluating the data that the very low
salinity TMG groundwater will also have a high re-
sistivity,

Conclusions

I'he following conclusions can be drawn (rom this
case study:

. The Piekeniersklool, Peninsula and Nardouw
lormations are all classed as aquifers but the
Peninsula Formation appears to be the most
favourable for high yielding boreholes

. The Graafwater, Pakhuls and Cedarberg
Formations are all aquitards at best

. Target features range from reglonal scale
hydrotects extending over tens of kilometres to
bedding planes. Drilling depths of 250 m or
more are required to obtain optimum yields
from the former features,

. A sound understanding of the structural
geology of an area 1s required for successful
borehole siting. allied 1o air-photograph
interpretation. Geophysics is of imited use.
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Fracture System and Attribute Studies in Table
Mountain Group Groundwater Target Generation

CJH Hartnady* and ER Hay
Umuvoto Africa o, PO Box 61, Mulzenberg 7950, South Africa

Abstract

The Table Mountain Group (TMG) hosts extensive stratabound aquifers with little or no primary
porostty, Consegquently the application of fractured -rock hydraulic coneepis, developed mainly
in the context of petrodeum reservolrs and nuclear waste disposal. s important for TMG
groundicater resource targeting purposes. The permeability of the thickest hydrostratgraphic
unit (Peninsula Aguifer) s controlled primarily by hydrotects. large scale structural features
(major fault zones and master joints) that ransect the disoontinuous bedding plane fractures.
e overlying Pakhuils Cedarberg Meso-aquitard is an effective confining unit separating the
Perdnsula from the overlying Nardouw aquifers, Bedding plane discontinuities along thin shale
and mudstone lagers are prevalent in the Nardouw. so that smalier scale fracture sets tend (o be
lmited within the thicker fractured guartzites of the Skurneberg Subaqutfer, and permeabidling
across bedding structures is reduced relative 1o permeability in the plane of bedding. The
Peninsula versus Nardouw contrasts require varied approaches 1o field data collection and well
fleld wargeting in different parts of the TMG. In _future. 3D groundivater flow models based on

fractured rock methodology will also play a role in TMG target generation.

Introduction

After a field trip that included visiting the first high
vielding artesian borchole’ purposelully targeted at
the deeper groundwater in the Peninsula Aquifer.
the eminent Israeli hydrogeologist. Prof. Arie S, Issar,
advised DWAF in July 1995 as follows

“It can be foreseen that the drilling of deep wells,
ol a diameter big enough to enable the pumpage
of large quantities of water is going to play an
Important role in the future development of the
water resources of the [Riepublic of South Al-
rica. As this requires special investments in
equipment and konow how. it can be justified
only 101t involves a rather large number of wells”
(Issar, 1995, p. 5)

More specifically with reference to the Western Cape
Provinee, he also noted (op. ¢it., p. 33)

The “TK E17 well with a starting chameter of 12 “was
drilled 1o & depth of 250 m at Tharakamma in the upper
Oldants River arca, about 40 km south of Citrusdal. It
h s

has an artestan flNow of The water has a

temperature of 20,774

* To wham all correspondence should be addressed
MO21) 78 BO31: fax (02]) 788 6742
Ematl: chns wmooto com

“... IThere are many observations which speak
for the conclusion that the TMIG] 18 a re-
glonal aquifer extending to big depths. in which
the water is Howing along the deep Iracture and
fault systems.

“As this semb-arid reglon s in the need of wa-
ter, and most probably the solution sought will
be in the direction of buillding & new dam. 1t Is
suggested 1o consider the possibility of launch
ing a regional hydrogeological research project
for this region The hvdrogeological survey
will be followed by a lew deep exploration-ex
ploitation wells along major tault lines, the re
sults of which will be incorporated in a reglonal
hydrological physical-mathematical model. "

Hydrotect concept

During hvdrocensus surveys, structural interpre
tation, and borchole siting undertaken for private
land owners and the municipality of Citrusdal (Um
voro, 1995, the "Boschklool Fault™ was identified
as part of a wider svstem of NW/SE sirtking ‘first
order “megalanlt™ structures’ top. cit., p. 6-7). To
emphasise the link between structural geology amnd
groundwater flow, the term “hydrotect™ was defined
as “a distinct planar or linear tectonic feature - such
as a fracture, a fault, a ine of Intersection between
planar structures, or a fold closure - which is char
acterised by a permeability that is greater by or

ders of magnitude relative o the surrounding coun
try-rock matrix” (op. cir.. p. 7)
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A wider review of the groundwater resources in
the Olifants/Doring catchment (Umvoto, 1997,
p. 10-14) considered that “an understanding of
structural controls on groundwater movement is
fundamental to appreciating the groundwater po-
tential of the area” It concluded that:

“(1) The groundwater in the TMG Aquifers circu-
lates freely to great depths in the upper crust
of the Cape Fold Belt.

It can be tapped o surface in large volumes
from depths at which conventional hydro
geological theory declares the hydraulic con-
ductivity of fractured rock 1o be reduced due
to lithostatic (Le.. rock overburden) pressure
by 3-4 orders of magnitude, from ca. 10" m/s
o 10%10"m/s ",

“2)

Geological factors related (o “either or both of the
contemporary ("neotectonic”) crustal stress reghme
and the modern geothermal gradient™ were cited as
the probable reasons for suppression of the usual
pressure effect on permeability, and 1t was noted
that “Injeither of these aspects of Western Cape ge
ology i1s well studied and thoroughly understood”
lop. cit., p. 12). Presently. it is still true that almost
no pertinent data on crustal stress or geothermal
gradient exists which would guide future hydro
geological exploration and sophisticated flow-meod-
elling in the TMG terrains

Some further elaboration of the original hydrotect
definition is now appropriate. In hydrocarbon ex-
ploration within tectonically deformed. fractured-
rock reservoirs, it s commonly observed that the
fine-grained, (riction-generated “gouge™ along the
principal displacement surface s an eflective “fault
scal® (Antonelll and Avdin, 1994 Main et al.. 2000),
Le. an agquitard feature that is gquite impermeable (o
luid migraton across the fault zone. Instead, the
main pathways of relatively high permeability are
the marginal “process zones™ on either side of the
main fault-plane. Initial propagation or later re-ac-
tivation of the main fracture plane produces diffuse,
fault-parallel volumes of subsidiary structural dam
age (micro-faulting and intense jointing), especially
where the fault surface undergoes bends or “jogs™
In the majority of cases, these potential flow-paths
around even the largest fault zones become sealed
by crack closure when the driving stresses are re-
laxed or re-ortentated, and/or clogged by mineral
re-precipitation during hydrothermal activity.

Successful target generation for the siting and
drilling of deep boreholes, whether in the Peninsula
Aquifer or the aquifers of the Nardouw Subgroup. is
fundamentally dependent upon the accurate defini-
tion and field mapping of regional hydrotects tra-
versing the TMG terrain, In our opindon., the hydrotect
concept remains a valid exploration hypothesis ap
plicable throughout the Western Cape, having par-
ticular reference to structural features providing
possible “preferred flow paths”™ for deep circulation
at all scales - local, catchment. or WMA.

gnndon in fractured sedimentary

Natural fracture systems fall into a range of geo
metrical types between two end-member systems.
with important consequences for fluid flow and
transport. which are presently not fully understood
(Odiing et al., 1999). In “stratabound’ systems, [rac-
tures are confined to single layers, thelr size distri
bution is limited and spacing tends to be regular. In
non-stratabound’ systems, fractures are laterally
persistent, size ranges are broad, often power-law
(Bour and Davy. 1997), and spacing clustered. On
the reghonal scale larger than that of individual well-
ficld or waste-disposal sites, connectivity within the
aquifer is enhanced by fracture sets at high angles,
having broad length distributions (Balberg et al.,
1991 Derkowitz et al.. 20000

Fracture-sysiem geometries, and fluid-flow char-
acteristics, are controlled by the mechanical nature
of the rock mass (Aarseth et al., 1997). Untll recently,
studics into flow and contaminant transport largely
concentrated on localised volumes within fractured
crystalline rocks, motivated by the potential for haz-
ardous waste disposal in such lithologles (Herbert
et al.. 1992: Clauser, 1992; Wittwer et al., 1994).
These non-stratabound rocks are commonly 150
tropic in thelr mechanical properties and thelr frac
ture systems are often assumed to be isotropic. The
host rocks are largely assumed to be impernmeable
and commonly only flow and transport within the
fracture system is considered.

In sedimentary or low-grade metasedimentary
rocks, the nature of layering has a major influence
on the fracture flow geometry. Un- or semi-consoli-
dated sedimentary rocks have significant porosity
and permeability, so that both the rock matrix and
the fractures control flow and contaminant trans-
port. Recent numerical studies (Odling and Roden,
1997) have shown that fractures in permeable rocks.,
even where unconnected, can have significant of-
fects, especially on contaminant transport,

TMG Aquifers

The TMG (Table 1) s dominated by metasedimentary
quartzites, which In the absence of well calibrated
physical measurements are assumed o have little
or no primary porosity at great depth below the near-
surface weathered and fractured zone. Groundwater
recharge and deep subsurface llow is controlled by
secondary fracturing that has developed along the
primary sedimentary bedding and also along fault
and muluple joint systems at vartous angles to the
bedding.

Within the TMG hydrostratigraphy the Pleke
nierskiool Aquifer has limited geographic distribu
tion in the far north western part of the basin, and
Is generally poorly exposed within coastal plain
outhers surrounded by vounger sediments, The
Pakhuis-Cedarberg Meso-aquitard constitutes an
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important confining laver bhetween
the two main aguifers (Table 1) Table 1
Proposed Coincident Hydrostratigraphical Units of the TMG
Peninsula Aquifer (Hex River Mountains to Cederberg area)
Where bedding does not impose Superunits Units Subunits
strong mechanical control, non-
stratabound fracture systems de Gyso Mega-aquitard
velop in which fractures are less regu-
larly spaced and length distributions Rietvie Subaguiler
are broad, usually following a power Nardouw Aguder Verorervalley Mini-aquitasd
law. The nature of the fracture con- Skurweberg Subagqufer
nectivity, and thus fluid flow, In Goudini Meso-aquitard
these systems varies with the expo
nent of the power law, and may be Table Mountan | Pakhus-Cedarberg Meso-agutard
dominated by either small or large Superaquder
fractures (Bour and Davy., 1997; Paninsula Agusfer (no subunis)
Odling. 1997a.b).
The Peninsula Aquifer presents Graatwater Meso-aguitard
an interesting case in the spectrum
ol sedimentary fracture networks, Piekeniarskioof Agquider (subunits not yet ertfied)
Although well bedded, these rocks are
compositionally quite monotonous, Saldanan Aquiciude
and the bedding planes tend to be

rough and discontinuous. particu-

larly where large-scale trough cross-bedding pre
valls. Joint systems within the Peninsula quartz
ites generally cut continuously across bedding, and
tend o be less regular in length and spacing char
acteristics. Because they are rarely infilled by shaly
partings. the bedding plane fractures within the Pe
ninsula aquifer tend 1o remain open and perme-
able.

Nardouw Aquifer

Formations of the Nardouw Subgroup (Table 1) are
generally well-bedded rocks with mechanical
discontinuities at bedding planes. c.g. shale parnt
ings. Characteristically, they develop strata-bournd
fracture systems where the fractures are restricted
to single beds with regular spacing and have a lim-
ited length distribution. In these systems. flow can
be largely confined to individual beds. and thus per-
meability perpendicular to bedding s low.

The Goudini Formation, in particular, has a
transitbonal contact with the underlving Cedarberg
shales, contains Irequent mudstone-silistone
intrerbeds of a generally ferruginous character, and
is therefore generally disregarded as a aquifer tar
get (Table 1), Within the upper Nardouw. the nar
row (~15 m), carbonaceous shale bearing Verloren
valley Member is found, at least locallv, 1o be an
effective aquitard between the Skurweberg and
Rietviel subaquifers. In general, only the Skurweberg
Subaquifer has sufficient overall thickness and mas
sive thick-bedded zones o support large-scale
groundwater abstraction.

Structural data collection for target
generation

In the CAGE study, the size-frequency distribution
of TMG-hosted fractures. mapped using the same
methods at different scales, e 1100 000 (Landsat
tmagery) and 1:30 000 (SPOT) magery), were ana-
Iysed and compared. While the TMG fractures at
these scales broadly follow power-law distributions,
the controlling parameters of power law length dis-
tribution exponent a, the fractal dimension D and
the Iracture density (Herkowitz et al., 2000) are not
vet lully elaborated for the TMG. There are devia-
tons at the large-fracture tall of the distribution
(e, individual fracture lengths of order <10 km)
that could have significant implications for large-
scale fracture connectivity between recharge and
discharge provinces. Furthermore. the full Landsat
and SPOT data sets have not yet been separately
grouped and geostatistically analysed for the dif-
ferent TMG Aquilers

In the past, studies of the mass hyvdraulic prop-
crties of fractured rock have largely concentrated
on the scale of tens ol metres, where outcrop and
tunnel observations and well-test data are relatively
casy 1o obtain. However, in recent years it has be-
come increasingly recognised that the scaling prop
erties of fracture systems over a much wider size
range are important (Hefler and Bevan, 1990:; Yield-
ing et al., 1992 Odling. 1997b)

Alter a general target zone has been selected on
the basis of a regional understanding of the flow
regime, recharge patterns, cte . detatled structural
information is required from satellite and aertal pho-
tograph interpretation. as well as from direct field
observation and measurement at the outcrop scale,
before candidate borehole target sites can be
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prioritised. Practical matters such as drilling budget
constraints that would limit the depth to be drilled.
the required yield, and licensing constraints, inter
alia, would also determine the data to be collected.
Therealter tectonie factors that impact on perme-
ability and fracture connectivity over a range of
scales need 1o be established.

The contribution of fractures (faults and joints)
1o the permeability of fractured, sandstone aquifers
depends on:

. the nature of the fractures themselves, Le. ap
erture, roughness, presence/absence of min-
eralisation or fault gouge. preferred flow chan
nels: and

. the nature of the fracture system as a whole,
f.e. orientation and length distributions, geom-
etry, connectivity (Odling, 1997a).

The observable factors that impact on the above were
implicitly defined by Gates (1997) in a permeability

related index for [ractured bedrock formations - the
hydro-potential (HP) value - that depends on six frac-
ture characteristics:

rock quality designation (RQD):
Joint number (Jn).

joint roughness (Jrk

joint hydraulic conductivity (JK):
Joint aperture factor (Jal) and
joint water factor (Jw).

The first two charactenstics, RQD and Jn, describe
the structure of the rock mass. The final character-
stic - Jw - simply indicates the presence of water
within the rock mass. The remaining three charac-
teristics - Jr, Jk and Jal - form a quotient that de-
scribes the “Mlukd Mlow resistance of the rock mass™,
The “joint hydraulic conductivity™ (Jk) factor re-
lates to the presence or absence of joint mineralisa-
tion. In the HP scheme. the highest score is assigned
on the criterion “90% joins open, clean, excelient
flow™, and an average hydraulic conductivity equal
o 0.5 m/s Is postulated for this condition (Gates,
1997, Table 5). Parttally developed mineral fillings
can prop fractures open and solution of carbonate
cement In the country rock (or silica in the case of
the TMG “prseudo-karst™) can Jead to high perme-
ability channels within fracture planes and along
fracture Intersections (Daccord, 1987; Dreybrodt,
19589). On the other hand, mineral Alling and devel-
opment of fault gouge can seal fractures against flow
(e.g. Antonellint and Aydin, 1994; Main et al., 2000).
Aperture size (involved In the Jal lactor) and
shape are extremely important factors affectng the
flow characteristics of a fracture, as the volumetric
flow rate through smooth-walled fractures is a func
tion of the aperture-size cubed. Aperture sizes meas-
ured on surface outcrop exposures will provide an
estimate of the maximum width of fracture aper-
tures In the subsurface bedrock. With increased
depth below surface, the increasing lithostatic pres.

sure normal to a joint plane results in reduced ap-
ertures. Normal pressure resulls in an increase in
the contact area and flow channelisation (Tsang and
Tsang. 1989). Joints can, however, remain open to
flow at depths of several kilometres (Krans et al.,
1979; Leary, 1991 Huenges et al., 1997)

On the outcrop scale, the semi-quantitative HP
method of rock-mass classification around hydro-
geological target sites forces the novice investigator
to look closely at the rock mass near the proposed
well sites. (An experienced structural geologist with
hydrogeological insight might perform an intuitive
HP calculation at the outcrop.) However, if HP-val-
ues are overtly measured and then combined with
correlation curves relating known yields 1o HP at
particular sites., they potentially provide a useful tool
1o predict target well yvields in comparable terrain
conditions

In the TMG terrains both the bedding stratifica-
tion and the fault and fracture structures may dip
at variable angles between the ground surface. In
many instances, the accurate extrapolation of strue-
tural data in the vertical dimensson to depths >200 m
I not a trivial problem. requiring the use of sterco-
graphic constructions and balanced geological cross-
sections at a relatively large scale.

Groundwater flow modelling in TMG
exploration

In the CAGE project a reconnalssance application
of fracture-descriptive techniques was used to in-
vestigate large scale flow in an exceptionally thick
and extensive fractured sedimentary aquifer. At
present, emphasis is laid on the gathering of essen
tial ficld data on a very large scale. required for con-
struction of a generalised, EPM-wype. regional hydro-
geological model, These investigations alm o con-
sider the role of both fractures and matrix in storing
and transporting fluid.

Numerical modeling has been In the past a pow-
erful ol for evaluating the impact of fractures on
groundwater flow and contaminant transport around
problematic waste-disposal or other Kinds of devel
opment site. Rarely, if ever has it heen used as a
groundwater resources exploration tool. Discrete
fracture - flow models that explicitly include fractures
and their properties are currently important theo-
retical research tools (Long and Billaux, 1987; Her-
bert et al.. 1992; Odling and Webman, 1991 Odling
and Roden. 1997), and have the potential to become
even more important as practical tools in the devel-
opment and management of fractured-rock aquifer
schemes.

Al scales larger than that of the borchole or local
well-field. however, a discrete fracture model 15 un-
practical and an equivalent porous medium (EPM)
approach (Neuman, 1987; Hestir and Long. 1990)
is required for quantitative understanding of the
hydrogeological boundary and recharge discharge
conditions. The scale at which EPM approaches be-
come valid depends on the fracture system geom-
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etry Istratabound or non-stratabournd). These mod-
els are, however, only valid for flow, and much larger
volumes must be considered for transport proper-
ties

In fluture, more detatled numenical models, that
explicitly mclude fracture patterns and properties,
should be used to develop down- and up-scaling
technigues so that the influence of fractures on lud
transport can be properly represented in large-do-
main or aguifer scale models. Such models will be
useful in establishing preferred targets lor well field
development where the natural head distribution in
the aquiter favours the potential for large-scale ab-
straction,

Conclusion

Groundwater flow is strongly influenced by subsur-
face heterogenelties, among which {ractures repre-
sent a major factor. Fractures are common through-
out the upper earth’s crust, and it Is increasingly
recognised that they play a significant role in many
aquilers, even where fractures were nol previously
thought important. Vartable fracture densily, extent,
and connectivity combine with differing mairix po-
rosity and bedding characteristics to Increase
agquifer heterogeneity and the uncertalnty in pre-
dicting aquifer properties.

Thus in any hydrogeological study in the TMG
be it for borehole siting or other reasons, it is neces-
sary (o obtain a certain level of insight into and un-
derstanding of the fracture systems at a variety of
scales in the proposed study area and for the differ-
ent TMG Aquifers before any field based study Is
designed or embarked upon.

One of the outstanding tasks of quantitative TMG
hydrogeology is 1o develop groundwater flow model
systems that are physically representative of those
in stratabound fractured rock aquifers, using as
input the characterisation of the different types of
fracture and bedding patterns in the real-world ag-
uifers as a guide.

Within the TMG Aquifer system, scale and de
gree of connectivity need to be considered both in
the targel selection, depth to be drilled, pump test
design as well as the management strategy of the
aquiler.
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Recharge of Table Mountain Group
Aquifer Systems

R Parsons
Parsons & Associates Specialist Growndwater Consultants, PO Box 2606, Somerset West 7129,
South Afnica
Abstract

No comprehensive investigation of recharge of Table Mountain Group (TMG) aquifer systems
has been undertakert. This has resulted in littde quantified information being avatlable with
which to assess the sustainable rate at which groundwater can be abstracted.  Histortcally, the
rate of recharge was expressed as a percendage of mean annual precipitation, bul the basts for
such rates is not known. Recent attempts to guantify recharge using a variety of methods indi-
cate recharge rates may be hgher than previously considered. Recharge ranges from about 5%
MAP in drier areas (o in excess of 200 MAP in higher lying areas that recefoe an anneal rainfall
of greater than 600 mm/ a. Rates of 35 | * can be considered (n those arcas that recetve more
than I OO0 mm of rainfall cach year. These rates are supported by analysts of baseflow from
mountainous TMG catchmenis. A proper researcht progranune, however, s required o quantify
recharge of TMG aquifer systems under a range of conditions. Such a programme needs o be

supported by long term montoring of groundwater levels, absoraction and springflow,

Introduction

It Is somewhat surprising that no comprehensive
mvestigation of recharge of TMG aquifer systems
has yet been undertaken. Recharge is generally con-
sidered the most important factor governing the vol-
ume of groundwater that can be abstracted sus-
tamnably from an agquifer system over the long term,
Absence of quantified inlormation on recharge of
TMG aquifer systems, therefore. is regarded as a
major limitation to our current understanding of how
these systems function and their exploitation po
tential

This paper identifies key factors that control re
charge of TMG aquifer systems and methods that
can be used for the quantification thereol. The re
sult of an Informal survey of expert opinion Is pre-
sented while the results from five case studies that
attempted 1o quantily recharge are also documented
An assessment of current knowledge of recharge of
TMG aquifer systems is presented and a number of
rescarch priontes identified

Factors governing recharge

Lerner et al. (1990) delined recharge as ‘the down
ward flow of water reaching the water table (or
plezometric surface), forming an addition o the

MO21) 855 2480. fax 021) 855 2363
E-mall: (parsons® iafrica.onm

groundwalter reservolr’.  The recharge process in-
cludes most clements of the hydrological system.
Inter-related factors that govern the frequency and
extent of recharge of TMG aqguifer systems include:

rainfall (depth, duration. intensity).
snowmelt:

topography and altitude:

Hthology:

depth and type of soil cover:

vegetation type and density:

fracture density, orlentation and geometry:
antecedent moisture conditions:

depth o groundwater:

reglonal groundwater flow patterns: and
existing groundwater abstraction,

It s well recognised recharge s driven by single or
multiple events and not annual averages. ‘This is
particularly true in and and semi-ard environments.
Recharge estimation is thus prone to the fallacy of
averaging, This needs to be taken into account when
trying to quantify recharge and manage groundwater
FesSOUrees,

Because of a lack of knowledge about recharge
processes and the difTiculty of modeling such com
plex processes, the quantification Is often expressed
as a pereentage of mean annual precipitation
(% MAP) Such an approach is useful in that it al
lows comparison with mean annual run-oll (IMAR)
and mean annual evaporation (MAE).
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Recharge quantification methods

Using monitored groundwater level data, it is rela
tively simple to show recharge occurs throughout
the TMG Aquifer system. Quantification thereof.
however, Is difficult. No single comprehensive es-
timation technique has been identified which can
model recharge without yielding suspect results.
This i1s true for most fractured aquifer systems. The
avallability of a number of different independent
techniques, however, does furnish the opportunity
to compare results and develop an integrated ap
proach (Parsons, 1994; Van Tonder and Xu, 2000),
Bredenkamp et al. 11995) propose an average of es
timates of recharge, obtained using a range of meth
ods, be used to quantify recharge in a particular
arca.

Historically, most practitioners have had to rely
on an estimate of the percentage of rainfall that re
charges TMG aquifer systems. Often the basis of
the percentage used was not known. [t is possible
estimates were based on Enslin (1970) who stated
recharge of fractured rock agquifers in South Africa
ranged between 3.5 and 8% MAP.

More recently, a number of hydrogeological stud-
ies have been undertaken where workers attempted
to estimate recharge using a variety of methods
(Maclear, 1996, Rosewarne and Kotze, 1996; Weaver
et al., 1999; Hartnady and Hay, 2000: Kotze, 2000:
Kotze et al., 2000). Methods used include:

. the cumulative rainfall departure (CRD)
method:

the saturated volume fluctuation (SVF) method:
the chlonde mass balance (CMB) method;

the C-14 method:

the baseflow method (which provides an esn-
mate of minimum recharge):

. catchment mass balance models: and

. groundwater flow models.

These methods are described in detall by Kirchner
et al (1991), Gickse (1992), Bredenkamp et al. (1995)
and Van Tonder and Xu (2000). Each method has
advantages and disadvantages, However, lack of
sultable data is often a prime reason why recharge
Is not quantified.

It is beyond the scope of this paper to assess
the most applicable methods for quantifving
recharge. Further, the method used s generally
governed by avatlable data. However, it is proposed
that, as a general rule. those methods based on
direct measurement of groundwater levels,
springflow and river flow should be preferred. Those
methods where groundwater Is calculated as a
residual should be avolded as the quantification of
evapotranspiration remains problematic. Small
errors In the quantification of evapotranspiration
and run-ofl in water balance models. for example,
can have significant impact on the resultant
quantification of recharge (Parsons, 1994; Breden-
kamp et al.. 1995). Direct measurement of levels

and flows allows for a degree of verification and
validation

Bredenkamp et al. (1995) proposed., that for large
time intervals, recharge conforms to simple relation-
ships. To be able to establish these relationships,
good long-term monitored data sets are required.
This includes monitoring of groundwater levels, ab
straction, springflow and rainfall. Lack of monitored
data is wdentified as a key limitation in the quantifi-
cation of recharge of TMG aquifer systems.

Expert opinion

Van Tonder and Xu (2000) included expert opinion
as a legitimate method of quantifying recharge esti-
mation. As a result, an informal telephone survey
was undertaken to determine what practittoners
estimated recharge of TMG Aquifers to be (Table 1)
Participants were first asked what key factors con-
trolled recharge of TMG Aquifers. Because rainfall
was almost Invariably identified as one of the key
factors, participants were then asked to provide an
estimate of recharge lexpressed as “SMAP) for three
categories of rainfall. Results of the survey indicate
recharge can be assumed to equate to about 5%
MAP in drier areas and about 11'% MAP in those
arcas that experience annual rainfalls between 300
and 600 mm/a. In higher rainfall areas. and par-
tcularly in the higher lving mountainous arcas
where the fractured rock Is not covered by soil and
snow melt may play an important role. it was esti-
mated recharge exceeds 20% MAP

Case studies
Preamble

In the absence of a comprehensive study of recharge
of TMG aquifer systems. results from a series of
recent case studies in which attempts were made
1o gquantify recharge of TMG Aquiters are briefly sum-
marised below. These case studies made use of a
wide range of methods, Readers are referred to the
original work for more detall and explanation of the
techniques used

Table 1
Result of the survey of estimates of recharge of
TMG aquifer systems

Parameter Raintall (mmva)

0-300 |300-600 | 600+
Harmonc mean (S:MAP) 49 1n2 206
Average (“.MAP) 7 128 224
Respondents (n) 8 K 1"
Minimum (SMAP) 2 8 12
Maximum (%MAP) 15 &5 43
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Data used at Agter-Wizenbarg 1o astmate racharge
Agter-Witzenberg research project

Recharge estimation was an issue addressed by
Weaver et al. (1999) and Weaver and Talma (2000)
during their research of the Agrer-Witzenberg area.
They used hydrochemical and sotope time-series
data to gain insight into recharge of TMG Aquifers
and evaluate the hydrogeological resources of the
area. The Agter-Witzenberg Valley 15 a synclinal
structural feature where mountains comprise TMG
quartzite and sandstone and the central part of the
valley comprises shale of the Bokkeveld Group which
conformably overlie the TMG. The valley sides dip
Inward at 30° or more. No major faulting has oc-
curred, but fracturing due to the folding is present.
A transect of boreholes was drilled from the top of
the access pass toward the center of the valley which
allowed groundwater to be sampled at various lev-
¢ls in the aquifer. The transect also allowed
groundwater to be sampled at various distances from
the recharge area. Recharge occurs in the Witzenbery
and Skurweberg mountains which attain heights in
excess of 1 800 masl. Mean annual rainfall in the
valley amounts to 850 mm/a, most of which falls in
the winter months between May and October. Sig
nificantly higher rainfall is expected in the moun
tainous arcas. However, no real difference was ob-
served by Weaver et al. (1999) in rainfall collectors
in the valley and that in the mountain pass,
Chloride and & "0 measured in five cumulative
rain samplers was compared (o groundwater from a
borehole In the mountain recharge zone (Fig 1),
Using the chlonde mass balance method, potential
recharge was estimated 1o be in the order of 45%
MAP. Figure 1 indicates the concentration of chlo-
ride In rain s 4.3 mg /@ while that in groundwater

ranged between 9.4 and 10.6 mg/¢ The slight shift
of 670 from rain to groundwalter is probably the re-
sult of evaporation,

CAGE project

Recharge to TMG Aguifers was estimated by Hart
nady and Hay (2000) as part of the Cape Artestan
Groundwater Exploration (CAGE) project carried out
on behall of DWAF. Using a GIS-based approach.
recharge in the E10 catchment containing the up-
per reaches of the Olfants River was estimated us-
ing the following balance:

I«sP-(E+R)

where:

recharge or infiltration
precipitation
evaporation

surface water run-off

I

P
E
R

Using a series of data sels and corrections, each
component was determined and recorded as a spa
thal data set. A high resolution (30 x 30 m) digital
terrain model of the study area formed the basis of
the recharge model. MAP was lound to vary be-
tween 162 and 1 410 mm /'a across the catchment,
Actual MAE losses were modelled at a lower resolu-
tlon (5040 x 500 m). Losses varied between 36% and
99% of MAP. The surface water run-ofl model was
based on Midgeley et al. (1994), but included local
slope analysis from which the MAR spatial coverage
was generated. Mean annual inflltration was then
modeled by subtracting MAE and MAR from the
MAP.

It was found infiltration ranged between zero and
57'% MAP. Low estimates of infiltration were obtained
in low Iying areas which expertence low rainfall and
have a relatively thick soll cover. Higher estimates
were found in the mountainous parts of the study
area comprising rocks of the Peninsula Formatwon,
In these arcas rainfall exceeds 600 mm/a and the
fractured rocks are exposed. Infiltration in excess
of 50% MAFP was restricted to the highest parts of
the catchment and covered a small area. Modeled
infiltration generally fell within the range of between
30 and 40N MAP.

It i1s Interesting to note arcas indicated by
Hartnady and Hay (2000) to have a high infiltration
rales are adjacent to the Agter-Witzenberg valley
where Weaver et al. (1999) obtained estimates of
recharge in excess of commonly accepted limits,

Rosewarne and Kotze (1996) estimated recharge of
TMG Aguifers m the Hermanus arca as part of their
assessment of the hydrogeological potential of the
arca. Using carbon- 14 dating technigues they were
able to determine groundwater had a mean annual
storage time of less than 1| 000 years which sug
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gested an active recharge system.  Using the CRD
method described by Bredenkamp et al. (1995), they
attempted to quantify recharge. However, lack of
long-term groundwater level data restricted appli-
cation of the technique. The Dorhéfer method (Dor
holer and Volker, 1981) was then applied. The
method takes into account vegetation type, soll type,
evapotranspiration and entalls overlying a series of
graphs depicting the characteristics of the catch
ment.

Most of the catchment is underlain by fynbos,
but slopes range from slight to very steep. Recharge
for the three catchments studied was lound to range
between 20 and 24% of 635 mun/a MAP (Rosewarne
and Kotze. 1996). Average recharge was hence set
at 22% MAP. However, as the study arca excluded
most of the mountainous arcas in which higher re-
charge rates are expected, it was considered that
the determined rate was conservative,

Klein Karoo management model

Kotze (2000) and Kotze e al, (2000) investigated re
charge of TMG Aquifers as part of rescarch into de-
veloping a conceptual management model for
groundwater exploration in TMG Aquifers, As a first
step she used a simple water balance caleulation to
estimate the groundwater exploitation potential of
the Kammanassie Mountains. Using a range of
methods and estimates of storage based on C- 14
data, recharge lor the entire area was set at 5% MAP.
Most of the catchment comprises Nardouw Forma-
ton and recetves a MAP of about 320 mm/a.

When only considening the Peninsula Formation,
which covers less than 15% of the caichment, re-
charge was set at about 14% MAP. A number of
methods were used 1o determine recharge of the
Peninsula Formation (Table 2)

Table 2
Methods used to estimate recharge
of the Peninsula Formation

Method Recharge

(%MAP)
C! mass balance "
SVF (equal volume) 197
SVF (i) 16.4
CRD 144
Basefow 125
Earth model 239

In addressing recharge. Kotze (2000) recognised
recharge w the Peninsula and Nardouw Formations
occurs at dilferent rates. Further, in the absence of
permeable fractures cross cutting it. the Cedarberg
Formation acts as an agquitard which influences the
recharge process, She also fourndd that only the shal-
low aguifer system was considered by the caleula-

ton methods, but deep circulation could play an
important role in the reglonal aquifer system

Isotope data showed most local recharge occurred
in the high Iving mountainous areas. which largely
comprise rocks of the more competent Peninsula
Formation. Through a series of interconnected lo-
cal and regional scale fractures, groundwater flows
toward lower lying or discharge areas,

Uitenhage Artesian Basin

The Ultenhage Artesian Basin (UAB) has been stud-
ted in some detatl by, amongst others, Parsons
[1983). Venables (1985), Bush (1986) and Maclear
[1996) and is described In this volume by Maclear
(2001). The UAB covers an area of 3 700 km’ and
comprises quartzites and sandstones of the TMG
overiain by confining sediments of the Unenhage and
Algon Groups, The TMG Aquifer system Is recharged
by rainfall in the Groot Winterhoek Mountains where
after groundwater flows south-castwards towards
the sea. As a result of widespread drilling in the
carly 1900s. the artesian aguifer system changed
from a Iree-flowing artesian system (o a sub arte
sian system. In response o declining groundwater
levels, the arca was declared a Subterranean Gov-
ernment Water Control Area (SWCA) in 1957,

Earliest recorded flow at the Ultenhage Springs
was 82 /s (Reynders, 1987) Groundwater devel-
opment and mismanagement of the UAB in the early
1900 resulted in flow decreasing to about 35 s
by 1915, Declaration of a SWCA and grouting of leak-
Ing boreholes resulted In a reversal of declining
springllow (Fig. 2). Flow increased (o 63 ¢/'s in 1982
before the impact of a prolonged drought during the
carly 19850s further impacted flow (Maclear, 1906),
Long term monttoring of the flowrate of the springs
and piezometric levels in boreholes in the immedi-
ate vicinity allowed recharge patterns to be quanti-
fied. However, a clear relationship between spring-
flow and rainfall was masked by the effects of drill
ing. abstraction, management and drought (Maclear
and Woodford, 1995).

Using springllow data and an estimate of the
catchment area of the Untenhage Springs. Kok (1992)
estimated recharge to be in the order of 10°% MAP.
Based on an analysts of rain and groundwater at
the Uttenhage Springs. Maclear (1996) used the
chloride mass balance method to estimate recharge
to the TMG Aquifer system in the Groot Winterhock
Mountains at 25% MAP., Similar calculations else-
where In the catchment indicated recharge may be
as high as 55% MAP. However. recognising the limi-
tations of his data set, Maclear (1996) proposed an
estimate of recharge of 25% MAP (o be reasonable.

Discussion

Based on work undertaken to date. it would appear
most recharge of TMG aquifer systems occurs in
mountainous arcas were rainfall s highest, snow
fall occurs and fractured rocks are directly exposed

-100-
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to rainfall.  Preferential flow in (ractures Is a key
mechanism in the recharge process. Groundwater
movement toward discharge zones occurs through
a senes of local or regional interconnected fractures
or fracture systems. Flow cither takes place through
the upper more localised aquifer systems or by
means of deep circulation.

Estimates of recharge of TMG aquifer systems
presented in this paper are generally higher than
considered previously and it appears earlier esti-
mates may have been conservative, As carly as 1970,
Joubert (1970) suggested infiltration into the TMG
could be as high as 60% MAP, but this order of es
timation was more an exception than the rule. If it
is accepted that baseflow is an indication of mini
mum recharge in a catchment, recharge in the up-
per reaches of the Olifants River has to be greater
than 20% MAP (Parsons, 2000). Proposals that re-
charge in mountainous areas is greater than 30%
MAF thus have merit,

Current understanding of recharge of TMG
Aquifers Is limited, A number of Issues require
further attention before recharge can be quantified
with a higher degree of certainty. These include:

. Development of sound conceprual models of
TG Aquifers, including difference in the van
ous TMG Aquilfer type arcas eg Western TMG
Aquifers. Central portion aguifers, Little Karoo
TMG Aquiters and Eastern Cape TMG Aquilers

. Consideration of differences In recharge (o ayg
utlers of the Peninsula and Nardouw Forma
Hons,

. The relationship between shallow. local agui
fer systems and decper reglonal agquiler sys
tems

° The effect of different rainfall patterns on re
charge

Further, a common understanding of recharge amd
recharge processes has 1o be developed. The werms

:

rainfall (mm/a)

:

CJmm ——|/s —— average rainfall

1977

2 ¢

1941
1947
1953
1959
1995

1971

(Maciear and Wooatord, 1995)

recharge, potential recharge, effective recharge, in-
filtration and percolation have all been used 1o de-
scribe water that infiltrates the ground. However,
not all of this water enters the groundwater system
or Is avallable for later abstraction. Evapotrans-
piration losses and discharge from mountain
springs, for example. have 10 be accounted for be-
fore estimating additions to the groundwater reser-
volr. It s quite possible the wide range of estimates
of recharge 10 TMG Aquilers relates more 1o differ-
ences in definitons rather than actual recharge vari-
ation.

Proper quantification of recharge of TMG Aquifers
systems is urgently required and is identilied as a
research priority. This information is a cornerstone
to determining the exploitation potential of these
agquifer systems and implementing proper aguifer
management. Appropriate long-term monitoring of
groundwater levels, abstraction, springflow and
rainfall will be particularly important in this regard.
However. any rescarch programme implemented
must include an integrated recharge quantification
approach to allow a degree of companson between
resulls obtained.

Until such time that more reliable estimates of
recharge are avatlable, it is proposed the results of
the recharge survey be used as a guide for estimat
ing recharge of TMG aquifer systems (Table 1), In
arcas which receive rainfall in excess of 1 000 mm/a,
recharge rates in excess of 5% MAP can be consud-
ered

Conclusions

No comprehensive investigation of recharge of TMG
aquifer systems has been undertaken. Recent at
tempts to quantify recharge indicate recharge rates
may be higher than previously considered. Recharge
ranges from about 5% MAP in drier areas to In ex
cess of 20% MAP in higher lying areas that receive
an annual rainfall of greater than 600 mm a. Rales
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of 35% MAP can be considered in those arcas that
receive more than 1 000 mm of rainfall each year. A
proper research programme, however, is required
to quantify recharge of TMG aquifer systems under
a range of conditions. Such a programme needs to
be supported by long-term monitoring of ground-
water levels, abstraction and springflow.
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Towards “Map-Centric” Simulation Modelling of
Table Mountain Group Recharge

ER Hay* and CJH Hartnady
Urmvado Africa oo, PO Box 61, Mutzenberg 7950, South Africa

Abstract

Quantification of recharge or infiltration tnto the Table Mowntain Group (TMG) Aguifers is a pleotal
part of any conjunctive surface and groundwater resource evaluation and development. Recharge
calcudations are sensitive to spatial and temporal averaging of ratnfall distribution., EVT variations
with respect to altttude, and the temperature range and mean during the recharge pertod. The high
mosertains where TMG Agudfer rocks are exposed and capture the greater proportion of MAP, including
a substantial snowfall component in some winter seasons, are under-represented in public domain
data. A GIS based recharge moded for the Peninsula Aquifer was assembled based upon an empirical
regression cune of MAP versus altttude for 13 rainfall stations, all located within and immediately
suwrrounding the CAGE Project area, This model. shows vanatton between a maxtmum of 1 410 mm
and mintmum of 162 mm, but is likely to under-estimate the high-altitude MAP. Actual
crapotranspiration was estimated usig the sirmgified formula devefoped @ the cordext of Mediterranearn
climatic areas. Mean annual evaporation (MAE) (s based primarily on the areal distribution of MAP
but uses actual local maxumum monthly temperature data_from throughout the area for the high
rainfall months (May-August). This interim approach s regarded as reasonably conservative, but
could under -estimate E in some parts. It ts justified in that the recharge period in the Western Cape
occeurs predominantly during the months May-August when measured pan evaporation (s lowest.
For the estimation of mean annual runofl (IMAR) distrtbution “runoff ¢ffictency ™ (MAR/ MAP ratio)
stanstics were reviewed for different suboatchments within the area, and a factor related (o local
slope in the DEM was incorporated in the GIS model. No explicit GIS -based pedological. geological,
vegetation. or flowe-accumulation (nformation was rnegrated such that o would form a predictive
basis for stream flow gauging. The calculations ¢f recharge and mass balance for the Peninsula
aqguifers of the TMG is estimated (o be tna range of 7-44%. with a spatial average of ~23%. It should
in_future be possible o calibrate the infiltration values obtained in this study using the chloride
balance approach.

Introduction

unnecessary repetition can be avoided if all ele

There are three basic elements in a hydrogeologic
simulation model, vz

. equations governing the surface hvdrological
and subsurface percolation processes;
maps that define the study area: and

. numerical database tables that characterise the
area and the model parameters

In conventional programming procedure, these cle
ments are usually processed separately and brought
together at runtime. Each time the study area is
changed or additlonal data are obtained, modifica-
tions on a model map will not automatically update
its related databases and programs. Efforts of data
collection and preparation are therefore often re
prated in the construction of a new model. Such

* To whom all correspondence showld be addressed
SO21) 7TEE 8O3 fax (02]1) 788 6742
E-mal: roseersa = wnpodo oom

ments In a simulation model are Integrated and 1f
standard map bases can be bullt for extensive re
gions. Therelore the modern approach 1o water re-
source modelling has progressively developed in
successive phases, deseribed by Ye et all (19496) as:

. ‘Tunction-centric” where numerical models are
‘self-contained and supported by their own data
sels’;

. ‘data-centnic’. where models are supported by

some general, nsually relational database man-
agement systems (DBMS): and

. ‘map-centric’ where models would be “sup-
ported by or written in a geographical informa-
tion system’ (GIS), based also on the concepts
of object-orented programming (OOP)

During the CAGE (Citrusdal Artestan Groundwater
Exploration) project (Hartnady et al., 2000), a map-
based hyvdrologic flow simulation model, with inte-
graton of all three elements, was initiated in a move
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towards the goal of a fully ‘map-centric’ modelling
approach. In principle, an integrated stmulation of
stream hydrologic and aquiler hydraulic processes
requires two map-based flow simulation models,
one for surface flow and one for groundwater flow,
which are then connected through data tables to
simulate the Interactions between surface and
subsurface water flows (Ye et al.. 1996) Quantifi-
cation of recharge or Infiltration into the TMG
aquifers is the pivotal part of the CAGE surface
flow modelling described below. In areas of high topo
graphy and strong orographic control on precipl
tation, as modst alr carried by frontal systems {from
the South Atlantic 18 forced 1o rise over the western
mountains of the Cape Fold Belt, spatial vartability
of recharge Is a key aspect

Infiltration/recharge modelling in
the CAGE study area

GIS and elevation model

INTmips™ from Microlmages, Inc.was sclected as
the host GIS environment for the surface hydrologh
model because It provides the “geospatial®™ DBMS
and analytical toolkits as well as OOFP capabilities
Compatibility with similar systems based on Arcview,
for example, I8 also available in TNTmips through
iterchange-ability of “shape™ (SHP) file lormats

Ihe first requirement of the CAGE Project was a
fairly high-resolution digital elevation model (DEM),
constructed for this special purpose on a 30 x 30 m
cell grid from contour shape files provided by the
Trigonometrical Survey office. The arca covered ex
tended from latitude 32°S to 33.25'S, and from lon
gitude I18°E to 20°E, centred about the E10 (upper
Olifants River) catchment (Fig. 1). A shaded-relicl
image of the DEM is the graphic basis for all GIS
maps presented here (Figs. 1-4)

Figure 1
Sunshaded agial slevaton mode
DEM: 30 x 30 m cedts) of he CAGE
proyect area with E10 (upper OWants
Hwey) calchment area (red overlay
parttoned at sub-Quatemary
basv ivel

Rainfall model

A high-resolution (30 x 30 m) model of mean annual
precipitation IMAP) was assembled (Fig. 2A). based
upon an empirical regression curve of MAP versus
altitude for 13 rainfall stations, all located within
and immediately surrounding the project arca. The
avallable public-domain data set (Midgley et al.,
1994) 1s delicient in relaton o alttude coverage,
because most South African Weather Bureau
ISAWE) raindall gauges are located in low-lying valley
arcas with towns and/or larming populations. The
high mountains where TMG Aquifer rocks are
exposed and capture the greater proportion of MAP,
including a substantial snowfall component in some
winter seasons, are grossly under-represented

Nevertheless, the current model, showing vari
ation between & maximum of 1410 mm and ming
mum of 162 mm (Fig. 2A), closely resembles the
more regional, lower resolution GIS model of
Schulze et al. (1997), and s likely to err on the
conservative side (e, under estimate the high
altitude MAFP).  There is, however, obviously room
for further MAP model improvement through future
incorporation of dircctionality (“rain shadow™)
effects, seasonality Imonthly to dailly time-step)
influences, and ultimately time storm
parameters (strength, duration, advective-conves
tive character) based upon remote sensing of rainfall
by radar and satellite imagery (Pegram and Clothler
1999)

Space

Evapotranspiration model

Recharge or infiltration (1) into any aquifer is most
simply defined as

iI=P

(E + R)
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where

Figure 2
A Mean avwal precipitation (MAP) model expressed as mm'yr
B Mean annual evapotranspraton (MAE) model. exprassed as a

percentage of MAP

E symbolises actual (not just potential)
(‘l(l,)ﬂl!f’lll\,)lfﬂhlﬂl

R s surface-water runoff; and

P s precipitation. all expressed as a water depth
g mm)

8

Potential evapotranspiration is usually estimated by
a modified Penman-Monteith (P M) equation, in

which the key physical variables include surface air

temperature, solar radiance, and soil moisture
However, for the arcal estimation of | over the CAGE
arca (Fig. 2B)L 1t 1s actual, not potential evapotrans

piration, that is required

In the absence of empirt

cally based estimates [or missing M vartables, the
simplified formula developed in the context of Medi

terrancan climati

arcas by Turce [1954) is used in

ks actual evapotranspl

stead
IThe Ture equation
ration E 1o precipitation P
E=P/109+ (P

L

where L is a "hellothermic factor”™ involving tem
perature and solar radiance.  In this application L
was assigned only a non-linear dependence on
average annual temperature, T, Le

L= 586 - 10T + 0.025T

as modified for dry areas by Santoro in 1970 (A
Amantia, pers. comm.. 1999)

The CAGE project model for E (Fig. 2B), in which
mean annual evaporation (MAE) is represented as a
percentage of MAP on a coarser (500 x 500 m cell)
grid, is based primartly on the arcal distribution of
P (Fig. 2A). It uses the local maximum monthly tem
perature data (¢f. Schulze et al., 1997) from the area
for the high rainfall months (May-August) as an s
timator of T in the modified Turc formulae

Ihis intenim approach is regarded as reasonably
conservative, but may perhaps be criticised for un
der-estimating E In some parts, It is however justi
fied in that the recharge period in the Western Cape
occurs predominantly during the months May-Au
gust. A preliminary recharge estimate for all areas
underlain by TMG and on which more than 200 mm
of rain per annum lell was undertaken at an early
stage in the CAGE project (Hay et al., 1995). Vart
able recharge rates for different topographic and
rainfall domains were established in this study,
which took Into consideration the distinction between
the wet, cold. winter-recharge phase and the dry,
summer-abstraction/discharge phase in the hydro-
logical cvele, Monthly average rainfall and evapora
tion pan records were used In the context of an
isohyet distribution for MAP. The latter is primarily
controlled by the winter rainfall pattern

Application of a standard atmospheric lapse rate,
controlled by observed temperature-altitude statis
tics from stations within the area, would represent
a possible direction of model refinement. Other vart
ables related to the P-M equations, which may have
a topographic (or geological) dependence, could also
be Incorporated at some luture stage

Runoff model

For the estimation of mean annual runoff IMAR
distribution (Fig, 3 “run-off efMciency”™ IMAR ' MAP
ratio) statistics were reviewed lor different sub
catchments within the arca (ol Midgley et al.. 1999
and a factor related 10 local slope in the DEM was
incorporated into a statstical analysis.  Slope de
termines the horizontal component of gravity thal
drives water and all other materials downward. The
topographic curvature or Laplactan (072 /ax" « 62/ 0v%)
d scalar measure expressing divergence and conver
gence of water or material flow, could also be used
in future as a possible physical proxy lor soil
saturaton in hill slope hydrology. to further refine
the provisional GIS-based “raw™ MAR model (Fig. 3)

IThe current runoll medel is herein described as
raw” because there has as yet been no attempt to
incorporate explicit, GIS based. pedological, geologh
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Figure 3

Meaar anvua runcl (MAR) moow, expressed 4s mmyr

cal, or vegetational information into the output fun

tion for each cell. or to accumulate the indvidual
cell outputs into a hydrological flow model, such that
1t would form a predictive basis for stream Now gaug
ing. The TNTmips software includes flow-accumu
latlon modules in Its geospatial analysis toolkit

Recharge model

Me final model of mean annual Infiltration (MAL s
dertved by simple subtractuon of MAE (in mm) and
MAR (Fig. 3] from MAP (Fig 2A) It is expressed In
map form, superimposed upon the sun-shaded
DEM. as a percentage of MAFP (Fig, 4), because van
ous empirical models of groundwater recharge re-
late it directly to rainfall via a “coefficient of recharge”
(Bredenkamp et al., 1995). The recharge is shown
to vary from zero (purple and deep blue tones) o a
possible maximum of 57% (far-red tones). The maxi
mum values apply only to extremely restricted ar
cas In the highest parts of the terrain. In all dia
grams in this set (Figs. 2-4) the rainbow colour scale
Is non-linearly stretched, so that over most of the
terrain above 1500 m (pale areas in Fig. 1), the mod
clled annual Infiitration Is generally In the range of
F30-40% of MAP, with a spatially weighted average
of ~23

In such high mountain arcas, there is little or no
empirical data on recharge. against which to test
the infiltration model. However, in the Agler-Witzen-
berg area at the extreme southern end of the E10
catchment (Fig. 1
and chloride balance between rainwater and

, an analysis based on oxygen 1so
llbpo-\
groundwaters suggested that recharge in the TMG
(Weaver ct
In those particular parts ol the current
GIS model (not shown in Fig. 4
view centred on the Clitrusdal valley portion of the
upper Olifants, of. Fig. 2B), the maximum modelled
infiltration ranges up to ~44%, and lies generally in
the 38-42% range along the high axis of the Hansles
berg-Skurweberg mountain range. The infiltration
maodel therefore appears reasonably consistent with

aquiler may locally be as high as 50
al., 1998

which Is a closer

Figure 4
Meaan annun miirabon (MA/) model expressed as a perceniage
of MAP

the only other avallable plece of scientific inlorma
tion relevant to the TMG recharge problem in the
high Iving primary recharge domain

As in the case of the MAR model, the
MAI model is
trols related to soll-molsture, vertical hydraulic con

currem
raw” in the sense thatl obvious con

ductivity of the vadose zone, and the exact geogra
phy ol recharge-discharge boundaries within thw
vartous TMG Aquifers. remain to be more explicity
quantified within the GIS. As a first approximation
in the CAGE area, modelled recharge into the TMG
Aquifers s accumulated only over generally high
lving arcas underiain by the Peninsula Formation
Other, generally lower lving, TMG arcas underlain
by Pickenlersklool and Nardouw units are excluded
from consideration on the grounds that they mostly
form part of the discharge zone feeding shallow pri
mary aquifcrs and baseflow in streams, Thus there
s no spatial averaging implicit
models

in these recharge

Conclusions

Recharge calculations are sensitive to spatial and
temporal averaging of rainfall distribution, EVT van
ations with respect 1o altitude, and the temperature
It is
a generalised

range and mean during the recharge period
therclore Inappropriate to estimale
recharge for the TMG superaquifer system as a
whole
exposure, the altutudes at which the dillerent agul
fers crop out, and the reglonal patterns of flow, cal

Given the diflerences between areas of rock

culations of recharge and mass balance lor the
Nardouw aquilers are best estimated quite separately
from those for the Peninsula Aquiler

e GIS-based theoretical models presented in
this study (Figs. 2-4) have yet 10 be calibrated by
experimental data at particular sites, For this pur
method is the chloride
In the course of the CAGE project
1995 -April
obtained from nu

pose, the best and cheapest
balance approach

hydrocensus and sampling (November

1999, Ol concentralions were

merous ground. and surface waters over most of
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the arca, but there was no opportunity 1o extend
the database 1o the analvsis of rainwater samples,
By obtaining such data at carelully selected
calibration sites in the model area. it should in
future be possible 1o correctly scale the infiltration
values obtained in the present study.

If the TMG recharge modelling and calibration
problem Is considered on a reglonal scale, estima
tions based on monthly data are probably adequale.
However, as the study area decreases and the re-
quired level of accuracy and precision Increases,
daily precipitation and flow data related 1o particu-
lar recharge events, obtained within well defined
boundary conditions, would become more critical,

At this future level of reflinement it would be pref-
crable that recharge and mass balance estimates
are based on a number of different approaches and
using a variety of data sets, The question of accept-
able error s seldom addressed in recharge estima-
ton, and where different approaches vield different
answers, some form of stochastic or probabilistie
analysis will also be necessary.
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Sustainable Use of Table Mountain Group

Aquifers and Problems Related to Scheme Failure

JL Jolly

Grounduwater Consulting Services., PO Box 328 Plumstead 780], South Africa

Abstract

Sustainable use of Table Mountain Group (TMG) Aquifers Is dependent on appropriate assessnwnt
of recharge, aguifer storatiolty and ransmissiotly. Boreholes have beern shown to have “blow ylelds”
ar in excess of proven sustalnable yietds. Some shallow TMG boreholes have been pumped at rales
n excess of 30 ¢ s, but these rates are not sustatnable. In the indand area between Worcester and
Port Eltzabeth, the sustalnalie ylelds of most TMG boreholes ranges betioeen 2 3 £ s (continuous
pumping). Many schemes have fatled because the abstraction has exceeded recharge, resulting
in water levels declining 1o the depth of the pump. Not onldy s recharge low. but U s also sporadic,
As a result aquifer storage must be utilised before the next recharge event tops up the aquifer
The author suggests that the stovativiy n the TMG s lower than traditonally expected, resuliing
in continual decline in water levels in the pumping period betieeen recharge events. This decline
n water levels must be carefully managed w make certam that water levels do not drop below
the top water strikes in the hole - should this happen, the risik of microbial induced Blofouling
causing clogging of the pump. the screens and the aquifer s dramatically increased. The ultimate
cause of borehole or wellfleld fatlure in the TMG Aquifers ts however, the poor management of the

resource,

Introduction

The unscientific testing and evaluation of borcholes
drilled In TMG Aquifers has often created a false
impression of the aguifer’s long term sustainable
potential, In many cases "blow yickds™ measured at
the end of drilling have been taken to represent
borehole yields, There s no doubt that blow yields
from most shallow TMG borcholes exceed sustain
able yield, Even the normal scientific assessment of
the borehole's potential via step and 72 hour con-
stant rate tests can grossly over estimate sustain
able vield, if assessments do not take into account
issues like existing boundaries and matrix trans
missivity /storativity. Boreholes, especially in the
dryer areas, are capable of yielding far more than
recharge to the arca

Abstraction rates in the production boreholes of
the Klein Karoo Rural Water Supply Scheme
(KKRWSS) have been reset a number of times as the
scheme managers wrestle with the conflict of high
yvields and low recharge. Examples of the borehole
blow vields and dillerent recommended abstraction
rates are provided in Table 1 (Mulder, 1995; Jolly,
1998).

MO21) 762 2538: Jax (021) 7620811
£ mall: gaEgroundieaierconsuliing.corm

Sustainability

Setting of sustainable abstraction rates depends
on the definition and condittons linked 1o
sustainability. In South Africa, sustainable
abstraction Is presumed to take place when
environmental impacts are limited and/or when
fong-term lowering of water levels does not occur,

Table 1
Comparison between blow and
Wmmm

Borehole| Blow |Recommended abstraction

yield rate (Us)

(t's)

1992 1993 1998

DP10 4 143 45
VR? 15 187 "
VRE 13 98 I
DL17 15 15 as 3
KG1 15 15 . 3
DP25 20 ae 7

In cases where lowering of water levels does not
effect the environment (Le. if water levels are deep and
no springs or rivers exist), the necessity for no “long-
term” lowering of water levels 1s debatable, Simi
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larly. what degree of short-term water level decline
i1s allowed before sporadic recharnge causes a recove
ery in water levels is also contentious, A far greater
decline in water level will be allowed if the manage-
ment of the scheme is relying on a 1:50 rainfall
event Lo recovery water levels to inttial levels,
comparced to rellance on 15 yvear rainfall events,

Failure

Detail on fatlure of boreholes or wellfields in the
TMG s limited. Most large-scale abstractions of
groundwater for domestic use are relatively well
managed, although municipalities are notorious for
inerease abstraction rates (o above recommended
rates when demand increases. Although detailed
figures are not availlable, the abstraction of TMG
water for irrigation uses is far higher than for do
mestie consumption. In the Hreede River basin
(Jolly, 2000) the majority of groundwater abstracted
15 from TMG rocks which are adjacent 1o Bokkeveld
Group rocks - abstraction for domestic and munici-
pal use Is estimated at 1.6 Mm'/a, while trrigation
use is approximately 90 Mm'/a, Unfortunately, the
rate of fathure for irrigation supply borcholes s un-
known, but rates are expected to be greater than
for municipal boreholes. This s because relatively
few irrigation boreholes are adequately tested or
managed

Causes of failure

Fatlure of boreholes or groundwater supply schemes
oceurs when:

. the boreholes either deliver less water than that
for which the system has been designed:

. water levels drop to such a degree that pump-
Ing becomes uneconomic: or

. the water quality changes and the water be-
comes unusable.

Reduction in borehole viekd can cither be as a result
of dewatering of the aquifer, detertoration in the
pump or clogging of the borchole. Decline in water
level 1s either as a result of over abstraction effect
ing the aquifer or clogging of the hole which reduces
nflow and mereases drawdown in the borehole.

Over-abstraction

Over-abstraction is considered (o be the case when
abstraction results in water levels continuously de-
clining. This takes place when the abstraction rate
is greater than the rate that water can flow into the
borehole, elther as a result of low aquifer transmissi
vity or low aquifer storativity. In the Vermaaks River
Valley IKKRWSS). water levels are dropping slowly.
even though boreholes have been shown to have high
vields and agquifer transmissivity s moderately high,
but variable between 24 and 274 m'/d (Jolly, 1995)

Storage in this aquifer cannot sustain the volume
ol water being abstracted. The storativity of TMG
Aquiters s low  figure gquoted previously included
5 x 107 (Rosewarme, 1931) 2 x 107 10 1 x 107 (Mulder,
1995). These storativity values were derived from
aquifer tests undertaken on high vielding borcholes
and represent the fractured zone directly adjacent
to the production hole being tested. The values are
not representative of the greater aguifer, distant to
the production hole. It s likely that the storativity
of the aquifer away from the fractured area, which
the borehole has penctrated. will be lower than that
of the fractured arca. As a result, the storativity
values commonly quoted are probably overestimates
of the storativity of an aguifer explotted by a number
of boreholes in a wellfield.

Where low aquifer transmissivity occurs (coupled
with a high storativity). there will be no decline in
regional water levels in the aquifer. but boreholes
will be pumped with large drawdowns. This s not
normally the case in TMG Aquifers, where the trans-
missivity of production boreholes is high
(Table 2) and drawdowns during pumping are low.

Table 2
Specific capacities and drawdowns
for difrent welflds
Wellfield Specific | Pumping | Average
capacity rate | drawdown
(ts-m) (ds) (m)
Varmaaks river 10 7 7
Caltzdorp 04 3 7
Caledon Hot Spring 12 10 g
Sieytiervlle 08 3 18
Plemenberg Bay 06 5 E
Albertna 01 3 0

The highest specilic capacities were calculated
in the range 1.8 - 2 {/s'm. Within wellficlds specific
capacities vary from 0.1 and 2 {/s-m. although bore-
holes with Jow specific capacities are generally not
used.

Iron clogging

In & number of circumstances (Klein Karoo Scheme,
Albertinda, Waboomskraal) iron clogging (chemically
induced blolouling) has greatly decreased the spe

cific capacity of a borehole, 1o the degree that pump-
ing warter levels drop to pump level and the borehole
is said to have “dried up™. At Calitzdorp. borehole
DL17 (KKRWSS) had a decrease in specific capacity
from 1.2 and 0.1 ¢/s'm in under 158 months - during
this tme the drawdown dunng pumping increased
from 6 (o 62 m, while rest water levels only decreased
by 8 m. The process of iron clogging of holes is poorly
understood by most wellfield managers, especially
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in the agricultural industry. As a result, fallure of
holes due o tron clogging Is not always recognised,
while no changes are Introduced to limit clogging.
It 1s. however, clear that borcholes with elevated
fron levels do clog if overpumped - in this case over
pumping being the lowering of the water level be
low the top fracture, thus allowing the water to cas
cade down the inside of the hole to the pump. This
cascading oxygenates the water. allowing chemical
precipitation to take place, and providing nutrients
for rapid blofouling to take place

Quality problems

Borehole fallure is seldom related to chemical
changes to the quality. although there have been
some isolated cases where gquality has deteriorated
1o such a degree that the water becomes unsultable
for use. Borehole DP28 (Dysselsdorp, KKRWSS) had
a dramatic change In quality where pH dropped to
2. iron levels increased from 0.3 to 8 mg /£ and elec-
trical conductivity rose from 30 to 90 mS/m. This
detenoration was thought to be related to the activ
ity of sulphate reducing bacteria in the borehole,
Although increased fron concentrations as a result
of biofouling do take place, the problem s seldom
scvere enough for a borehole to be abandoned

Lowering of water levels during abstraction can
induce poor quality water to flow into the arca. In
the upper reaches of the Hex River Valley. abstrac
tion from the TMG Aquifer can result in inflow of
saline water from the adjacent Bokkeveld aquifer.
In some cases this deterforation can be severe
enough to result in the borehole being temporarily
taken out of use. Usually winter recharge results in
an improvement in quality in affected arcas.

TMG Aquifer response to
abltraA&lon pe

Data avallable from the monitoring of water level
response 10 abstraction are imited 10 a few larger
schemes. Where monitoring data exists, the nor
mal water level trend is that of a slow but steady
decline in water level, interrupted by comparatively
dramatic rises in water level alter recharge events,
An exceptionally high recharge event 1s shown in
Fig. 1. where a 1:75 year rainfall Nood impacted on
the water levels in the Vermaaks River wellfield near
De Rust.

Decreasing risk

The more information that exists about a borehole
and the aquifer it exploits, the lower the chance of
the abstraction failling. Especially important is data
related to the assessment of recharge to the aquifer.
In the inland areas of the TMG (Worcester to Steytler
ville) rainfall is low and the author believes that shal
low TMG boreholes can seldom vield more than
3 Us (constant pumping), even though these bore
holes may be able to yield far more during a short
duration aquifer test. Boreholes drilled in Plettenberg
Bay were tested at 8 £/s with a stabilised drawdown
of 6 m after 72 h. However, water levels in this aqui
ler dropped by 40m over a 16 month period after
the borehole was over-abstracted by pumping at
8 ¢/s almost continuously during peak demand pe
rods (Easter and Christmas holidays). The abstrac-
tlon rate was far above recharge rates, while the
storativity in the aguifer was lower than estimated
Although higher yvielding boreholes do exist in the
MG than those mentioned above, they invariably
occur in areas of greater recharge (Hex River moun
tains and Agter-Witzenberg valley)

-110-




Part §: Resource Evatuation and Managemant

Aquifer storativity for the TMG is generally as-
sumed to be approximately 1%, This storativity fig-
ure needs to be rescarched and refined, since
storativity, in an environment of sporadic recharge,
is, together with recharge and transmissivity, the
factors that controls whether a scheme will faill or
not.

In enwironments where iron related clogging can
reduce & borehole’s abstraction potential, the de
sign of production holes needs to be re-thought
Horeholes must be constructed (o cut ofl upper wa-
ter strikes, so that water entering a borehole flows
upwards to the pump which must be located above
the fracture zone. Water must not cascade down a
borehole to the pump set adjacent to deeper, stronger
fractures. This necessitates the installation of PVC
fasing, which must be grouted into place, in a man-
ner that seals off the upper shallow water strikes.

Conclusions

The fallure of TMG Aquifers is predominantly hear
say, since limited data exists. Anccdotal evidence of
borcholes having “dried up”, is seldom backed up
by any data related 1o abstraction, water levels or
recharge. This lack of data is the root of the prob
lem, since correct monitoring and aquifer manage-
ment did not take place. Correct aquifer manage-
ment is essential if scheme faflure is 10 be checked

before it takes place. thus improving the reliability
of TMG Aquifers
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Groundwater Dependent Ecosystems in the
Fynbos Biome, and Their Vulnerability to
Groundwater Abstraction
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CSIR Divtsion of Water, Environment and Forestry Technology, PO Bax 320, Stetlenbosch 7599,
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Abstract

The fynbos s a unigue and ecologically tmportant vegetation type, but Wtle s known of the
hydrodogical functioning of the groundwater dependent communities within this blome. There (s
no published documentation of groundwater dependency by ecosystems n the TMG. Two WRC
Junded projects are undernway o assess examples of aquatic (Saayman, pers. comm,) and
terrestrial (Smart, pers. comm.) evosysiem dependency in the TMG. as well as a more generic
project looking at groundwater dependend terresinial ecosysiems nationwide.
Groundwater dependent communities in the TMG are thought (o be
e the smaller seeps, springs and wetlands in the mouwrdains,;
. the larger bottomland wetarnds. mostly in river valleys, where the refative contributions of
surface and grounduvater are unknown; and
. the long and extensive riparian habials and stream ecosysiems that are dependent, to
some extent and from varlous channel sections, on groundwater discharge during the summer

droughts.,

Ocher TMG groundhater dependent ecosystems are those in cave and other underground systemns,
arwd coastal discharge zones where frestucater is thought o create lower salindty conditions.

Both of these situations are lamgely undescribed.

There s a pressing need for further research in these areas so that decisions regarding
ceological effects of groundwater abstraction can be taken with greater confidence,

Introduction

Information on groundwater dependence Is scant,
but there are general ecological principles and some
basic conceptual models which can be applied to
help direct rescarch to the most iImportant issues
Some preliminary work on groundwater dependence
indicates that there are ccosvstems that are
groundwater dependent, and thus vulnerable 1o
groundwater abstraction. The ecosystems can be
grouped Into two basic types: (a) those that are de
pendent on groundwater discharge and (b) those that
depend on access o the groundwaler in the aqui-
fer, The first group includes springs, wetlands, riv-
ers with groundwater derived flow (especially
bascllow) and cave ecosystems, The second includes
terrestrial ccosystems where there is no direct evi
dence of dependence. Both may provide essential
habitat for fauna that are therefore also groundwalter
dependent.

* To whom all correspondence should be addressed
MO21) BEK 2400; fax (02]1) 888-2682
Ematl: coolpinreesiconza

This paper, therelore, draws much from logical in
ference of what s known gencrally about ccosys
tems, about fynbos ecosystems (particularly the
plants), and the aquifers. We have made use of the
background information compiled for the compre-
hensive determination of the reserve for groundwater
(Braune et al.. 1999) as well as the reviews of ground-
water vegetation-interactions compiled by Le Maitre
et al. (1999) and Hatton and Evans (1995)

Relationships between plant growth forms
and root systems

In general, plants will utilise groundwater wherever
their roots can access (L. Many tree and shrubs spe-
cles are deep rooted (510 m) and some are capable
of reaching water tables at depths of 10-20 m and
more (Stone and Kalisz, 1991; Jackson et al., 1996,
Table 21 a number of fynbos shrub species ¢.g
Proteaceae) are likely to be among them. However,
the ability to root deeply does not necessanly imply
a dependence on groundwater. Kruger (1979) notes
that the distribution of Protea nitida (waboom | com
munities on talus or colluvial slopes suggests that it
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may be exploiting lateral drainage in summer,
Doddorwa viscosa (sand olive) is a widespread, deep
rooted shrub which is noted by Mollet and Deacon
11977 in Boucher and Moll. 1981) as occurring in a
renosterveld community on the contact between
Cango Limestone and Table Mountain Group (TMG)
Aquifer,

Phreatophytes are water-loving plants whose
roots are In contact with the capillary fringe above
the water table (phreatic surface) or sometimes free
water itself. These plants are apparently particularly
sensitive 1o manipulation of the water table such as
a sudden lowering or raising, particularly when the
lavers above the capillary fringe have a low molks-
ture content. The best local examples are species
found along watercourses in semi-arid 10 arid arcas
(e Acacia enodoba, A, karoo). Some of the fynbos
species characteristic of alluvial deposits may have
similarly deep roots. Succulents and short -lived
plants are typically shallow rooted (<0.5 m) and very
unlikely 1o be dependent on groundwater (Nobel,
1991),

Determining the importance

When groundwater dependent ecosystems are kden-
ufled there must be some way of determining prion-
ties for conservation and protection. The eriteria used
in the prioritsation need (o take into consideration
both the benefits of protection and the opportuni-
Ues that are lost if the groundwater is not abstracted,
Hatton and Evans (1998) suggest considering the
(@) unigueness (e.g. blodiversity, cultural, aesthetic
and socio-economic value) and (b) the expected or
likely vulnerability (sensitivity) to change (Table 3).
Although ecosystems entirely or highly dependent
on groundwater occupy only very limited areas
(Hatton and Evans, 1998), they are olten ecologl-
cally and socio-economically significant. Riparian
zones are important arcas for biodiversity, offering
refuges and habitat for a variety of organisms (Milton,
1990, Natman et al., 1993, Mormison et al, 1994). A
good South Afnican example is the Sabie Sand River
system in the Kruger National Park where the ripar-
lan ecosystems play key roles in maintaining the
blodiversity and functioning of the adjoining terres-
trial ecosystems (Davies et al., 1993; Jewitt et al,,
199%). Similar studies are lacking in the TMG but it
Is likely that stream corridors could fulfil the same
function.

Hatton and Evans [ 1998) suggest defining or as
sessing groundwater dependence using the annual
water budget but we argue, for the reasons sct oul
above, that seasonal tand mmter annuall vanations
in the budgel also need to be considered. This can
be illustrated using a hypothetical but not unlikely
river baseflow dependent ecosystem. The total dry
scason flow may only be a small percentage (say
5%) of the total annual flow but it may be critical,
and most or all of that flow may come from
groundwater discharge. Changes in groundwater
avatlability will, therefore, alter the allected ecosys

tems, but the nature of the responses is essentially
unknown. The changes In ecosystem structure or
functioning may be directly and lincarly or non-lin

carly proportional to the changes in water availabil-
ity, or may take the form of abrupt changes as criti-
cal thresholds are exceeded, The responses may also
be similar 1o those described lor state and transi

tion models where ccosystems persist inoa particu-
lar state or condition and then abruptly switch to a
new condition (Westoby et al., 19859). Once the switeh
has occurred a high degree of intervention may be
needed to return the system (o its previous state,

Application to TMG

In the TMG, most groundwater-vegetation interac-
tons will occur in groundwater discharge areas.
There probably are three main kinds of groundwater
discharge pathways:

. Springs and seeps in localised groundwater
systems; where shallow, water-bearing frac-
tures In the sandstones intersect the surface;
storage I8 likely to be limited and llow rates
fast: many of these may be in the form of sea-
sonal, perched water tables,

. The contact between the sandstones and the
relatively impermeable shales (e.g Nardouw
Cedarberg contact); these are likely 1o be higher
vielding, with greater storage volume in the frac-
tures and faults and deep flow systems: in some
cases they may occur where there are narrow
inclusions in the sandstones (current WRC
Tunded study by Smart ot al. addresses this
scenario in the Kammanasie reserve,

. The faulted contact between the sandstones
and the basement rocks (Malmesbury, Cape
granite), where the systems are likely 1o be simi-
lar to the previous class in terms of storage
and flows: discharge arcas can also be found
along major fault lines in these contact zones.,

The latter two kinds of TMG groundwater systems
have the greatest potential for exploitation (Weaver
and Talma. in press). The vulnerability of the eco
systems dependent on groundwater 1s likely to be
highest in the localised systems but, given the po-
tentially high flux rates and thus the ability to vary
water levels very rapidly, any of these systems could
be vulnerable o exploitation of the groundwater

Fynbos ecosystems and ground-
water

The vegetation of the TMG group is commonly known
as [ynbos because of the characteristic small-leaved
and fincly-branched shrubs and reeds. [t is inter
nationally recognised as a hotspot for plant bio
diversity with some 8 580 plant species occurring
i an arca of about 90 000 km? (Cowling et al., 1992),
About 6G5% of these species are endemic (found no
where else) and there are six plant lamilies which
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are endemic to the fynbos. One of the largest is the
Bruntaceae which has many species that are char-
acteristic of wetlands and seeps,

Fynbos shows large changes in species compo-
sitton over altitudinal and rainfall gradients and
between similar habitats on different mountains and
mountain ranges, especlally in the south-western
mountains. This Is important for conservation be
cause the net result is that there are many species
with restricted distribution ranges.,

A number of syntheses and overviews of finbos
coosystems and ecology have been written during
the last three decades, for example Taylor (1978).
Bigalke (1979). Kruger (1979), Boucher and Moll
(1981) and Cowling (1992), The main emphasis of
these syntheses has been on the flora and the ecol-
ogy of the plants. especially the role of fire, soil nu-
trients, and the Mediterrancan climate in the evolu.
ton and dynamics of these ecosystems. The empha
sis also has been on the terrestrial (dryland) ecosys-
tems and the ecology of springs, wetlands or agquatic
systems, where there may be groundwaler depend-
ence, has been neglected. A detalled description of
the aguatic communities of the Berg River is given
by Harmson and Elsworth (1958) and of the Eerste
River by King (19582) but the associated vegetation
communities are only described very briefly.

Wetland vegetation

Detatled descriptions of the main wetland vegeta-
tion types found in the fynbos are given by Kruger
(1979) and Boucher [ 1988) who recognise three main
categories of mountain scep or wetland vegetation
on the sandstones:

. shrub dominated communities often with mem-
bers of the Bruniacacae, Proteaceae and Astera-
ceae;

. those dominated by Ericaceae and Restlo-
naceae; and

. those dominated by the Restionaceae which
vary from tall (3 m) to short (0.25 m).

These communities are typically distinet from the
adjacent dryland communities in both appearance
and species composition. Similar vegetation types
can be expected around springs and along water-
courses and streamlines where the ablotic condi-
tons are sultable. There are some plant species
which appear to be restricted to these habitats
(Kruger, 1979) but rarely to a single seep. spring or
wetland although, given the high diversity in fynbos.
it is risky to generalize too much. The structure and
composition of this wetland vegetation appears to
be related to water avallability and quality, water
flow rates and oxygenation (e.g water logging) as
well as other habitat factors (e.g. solls, geomorpho-
logy) but no detailed studies have been done of these
relationships.

There is a large body of literature on the responses
of fynbos to fire and the role of nutrient avallability
In fynbos structure and dynamics but comparatively
little work has been done on plant transpiration
and drought stress. The avallable data show the
expected trends: deep-rooted shrubs (e g
Proteaceae) experience little summer moisture
stress: shallower-rooted shrubs are more variable
but generally show greater moisture stress: whilst
shallow-reoted growth forms, such as the restiolds.
show the greatest moisture stress (see reviews by
Smith et al,, 1992, Stock et al., 1992). The Proteaceac
in particular show little sign of moisture stress and
continue 1o transpire and photosynthesise at high
rates even In apparently dry conditions (Van der
Heyden and Lewis, 1989, Richardson and Kruger,
1990). The extent 1o which this water is drawn from
the unsaturated rather than the saturated zones
of the weathered profile 1s not known but, given
the typically shallow TMG sandstone solls at some
of the study sites, some at least must be drawn
from the weathered and fractured underlying rocks.

The Proteaceae are known to be deep rooted.
Bredenkamp et al. (1995, Fig. 4.3.17) report that
borehole water levels in the TMG of the Zacharias-
hoek catchment, in the Wemmershock mountains
near Franschhoek. fluctuated from 2 to 8 m below
the surface. These depths are casily within reach of
the roots of Proteaceae and probably other plant
species as well. These observations were only made
in one catchment but they do suggest that even typl-
cal dryland species may be tapping into the satu-
rated zone or, more accurately, the caplllary fringe.

Animals

The vertebrate fauna of the Cape fynbos Is poor in
specikes compared with the fauna of the other biomes
of South Africa. There are some mammal species,
notably the otters, water mongoose and herbivorous
viel rats (e g. Otomys species). whose preferred habit
% In or near molst arcas (Lloyd, 1985) None of these
species are completely restricted to the fynbos on
the TMG. The connection with groundwater would
be indirect except for the herbivores which depend
on the relatively palatable vegetation that grows in
seeps and wetlands,

The same would apply to the birds (Brooke, 1988)
with the possible exception of the Grass Owl which
depends on the grassy vegetation found in certain
wrtland areas (Palmer, 1985). A number of reptile
species occur or hunt in aquatic habitats, none are
spring or wetland specialists or restricted to fynbos
on TMG (Baard, 1988). There are a variety of am-
phiblans, many of which are rare and have restricted
distributions (Plcker and Baard, 1988). A number of
species require perennial water but the extent to
which their populations or habitats depend on
groundwater, as opposed to surface water, dis-
charges is unknown. The same applies to the in-
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digenous freshwater fish species (see Hamman,
1988).

Aquatic ecosystems

There have been some national overviews of South
Africa’s river ccosystems (e g Davies et al., 1993)
and wetlands (e.g. Cowan, 1998 and Cowan and Van
Riet, 1995) but lttde attention is patd 1o groundwater
dependency. The one detailed study of the links be-
tween geomorphology. hydrology and the biota is of
the Sable-Sand River system in the Kruger Natwonal
Park (Jewitt et al., 1998) but the environment and
groundwalter systems in the Cape TMG are very dil-
ferent. The most detailed review for the Cape region
was compiled by King (1985). Both the terrestirial
and aguatic invertebrates in fynbos generally are
poorly known and there may be numerous endemic
agquatic or otherwise water dependent species (King
et al.. 1988). Aquatic ecosystems in the Cape TMG
are thought 1o be very sensitive to changes largely
because of the low productivity, which results in slow
development and extended life-cycles of the organ

isms involved, These features inhibit recovery and
reduce the resilience of the aguatic ecosystems (King
et al.. 19885), In addition. many aquatic invertcbrates
in the headwater streams appear to be totally water
dependent and woul not tolerate the seasonal or
perniodic drying up of the stream.

Observations that may indicate ground-
water dependence

The CSIR has been involved In collecting inlorma-
ton on the impacts of groundwater abstraction for
a water nghts dispute between adjacent landown
ers in the Hex River Valley (GCS. 2000). The drain-
age In question is a typical. steeply sloping TMG
mountain stream, which has a rubble filled valley
bottom and is lined with riparian shrubs. There s
cvidence that groundwater abstraction from five
production boreholes in the valley has drained wa
ter from the alluvium and caused the stream to re-
main dry. lor the first time, during the long summer
of 1999,/2000. Die-back was observed in the ripar
fan vegetation by CSIR stall who carried out the
streamflow measurements at the site. The circum
stantial evidence suggests that the die-back was
caused by the lowering of water levels in the allu
vium during the abstraction of groundwater

Conclusions

The fymbos 1s a unique and ecologically important
vegetation type, but itde s known of the hydrologh
cal funcuoning of the groundwater dependent com
munities within this blome. There is no published
documentation of groundwater dependency by eco
systems in the TMG. Two WRC funded projects are
underway to assess examples of aquatic (Saayman,
pers. comm.) and terrestrial (Smart, pers, comm.)
ccosvstem dependency in the TMG, as well as a

more generic project looking at groundwater
dependent terrestrial ecosystems nationwide.

Groundwater dependent communities in the TMG
are thought to be:

. the smaller seeps, springs and wetlands in the
mountains:

. the larger bottomiand wetlands, mostly in river
valleys, where the relative contributions of sur-
lace and groundwater are unknown: and

. the long and extensive riparian habitats and
stream ecosystems that are dependent, to some
extent and from various channel sections, on
groundwater discharge during the summer
droughts,

Other TMG groundwater dependent ecosystems are
those in cave and other underground systems, and
coastal discharge zones where freshwater is thought
to create lower salinity conditions. Both of these situ-
ations are largely undescribed.

The available information gives indications of the
kinds of situations where fynhos ccosystems may
be dependent on groundwater discharge. It also pro-
vides some a priorl, qualitative estimates of the de-
gree of dependence and valnerability. But there is
very little information which can be used (o assess
the groundwater requirements of dependent ecosys
tems for the reserve determination. For example:

. How much water s needed?

. How should that water be distributed in time
and space?

. What is the minimum water requirement to pre-
vent ecological degradation?

. What water quality parameters are vital for eco-
system functioning and what s their natural
range”

Or when addressing the information needs of man-
agers of these resources:

. How can one monitor responses (o changes to
minimise adverse impacts?
. What mitigatory measures can be taken”

These questions are made even more difficult o
answer because of the delayed nature of the re
sponses of the aquilers although this may not be
applicable If the flow rates are as high as is being
suggested (see Weaver and Talma. In press). The
questions outhined above are key ones for the pro-
posed research programme on the groundwater sys-
tems and exploitation potential of the TMG. They
need 10 be developed and refined by both geohydro
logists and ecologists.

The field of groundwater and vegetation interac
tons crosses traditional disciplinary boundaries and
has typically been neglected worldwide, at least a
far as explicit modelling of these links is concerned.
The interactions also bridge the boundaries between

-115-




Part § Resowce Evaliabon and Management

the components of the Resource Directed Measures
le.gd. rivers and wetlands) and therefore cannot be
viewed independently. Finally, these interactions are
mediated through root systems, probably the least
understood parts of plants because they are un-
derground and difficult to study. These linkages and
interdependencies also need (o be addressed in any
rescarch programme that emerges from the reviews
of information of the aquifers of the TMG.

Priorities for research

There is an urgent need 1o be able to predict the
ccological consequences of groundwater abstraction
in the TMG. Existing knowledge prepares us very
poorly for this challenge. The following are thought
to be priority research arcas in order to begin to
meet this need.

. Identily and locate /map the dependent ccosys-
tems or communities,

. Explain the functuonal relationship between
these ecosystems and groundwater. including
the degree of dependence, seasonal variations
and quantitative aspects of the dependence,

. Prioritise the various dependent ecosystems in
terms of suspected ecological importance and
vulnerability.

. Better understand the flow paths, interconnec:
tions and residence times of groundwater. such
that the zone of influence of abstraction pro
posals can be predicted. It is important to know
where in the landscape abstraction may cause
changes In baseflow or other discharge.

. How much of the baseflow In rivers is produced
in the lower parts of catchments as opposed 10
the upper parts (where the groundwater dis-
charge may be unaffected by abstractions).
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Groundwater Quality and Fitness for Use

MC Smart'* and G Tredoux?
' Department Water Affalrs and Forestry, Private Bag X 16, Sanlamhof 7532, South Africa
“CSIR. PO Box 320. Stellenbosch 7559, South Africa

Abstract

Natural groundwater in the Table Mountain Group (TMG) has a high quality and & s emineruly
sultable for most purposes. The groundwater tends to be stightly acidic. soft o very soft and.
therefore, corrosive. Ferrous tron ts prevalent in the Nardowwe Formation and to some extent also
in the Penunsula Formation. The presence of Fe causes borehwle clogaing and related problems,
particularly in associatton with sulphate. The Fe occurrence (s only partially understood and
research s needed for identifying the processes of s formation and for developing sultable
prevention measures. The TMG Aquifers consist of inert quartzitic rocks, are highly vulnerable,
and special protection strategies need (o be designed.

Introduction

The TMG Aquifers generally vield groundwater of
high quality, Le. it has a very low salinity, Over most
of the area, it is also characterised by the absence
of calcium and magnesium. This is largely due to
the Inert quartzitic nature of the host rock. as well
as the fact that these resistant rock formations
mostly form topographic highs with elevated rain-
fall and Nlushing of salts via recharge. Figure 1 shows
the extensive occurrence of the TMG rocks, span
ning five Water Management Arcas (WMAs) [Area
established as a management unil in terms of the Water
Act (1998)]. Figure 2 summarises the more important
aspects of the groundwater quality according to cach
WMA. By referring to Figs. 1 and 2 a lithological and
spatial comparison of TMG groundwater quality Is
possible.

Hydrochemical characteristics
Electrical conductivity

The electrical conductivity (EC) rarely exceeds
100 mS/m with a median value in the 20 1o 50 mS/m
range. This conforms to the recommended limit for
human consumption of 70 mS/m and, with most of
the ECs falling in the range from 10 to 100 mS/m,
is well within the maximum acceptable limit of
300 mS/m for town supply. In general, the ground-
water quality in the Peninsula Formation is similar
to that of the Nardouw Formation as reflected in the
EC. Elevated ECs are found in the more shale rich
lithologles, for example in the Plekenlersklool and

* To whom all correspondenice showld be addressed.
MO21) 950 7109; fax (021) MHE-3666

E-mail: ogdadival uxp woape. go.za

Graafwater Formations occurring toward the coast
in the Olifants-Doring WMA. Above average ECs also
characterise groundwater in the Peninsula Forma-
tion in the Eastern Cape (Fish-Gamtoos WMA), which
has higher shale contents than its lithological equiva-
lent in the Western Cape (Meyer, pers, comm.). In
the coastal arcas, cyclic salts from marine origin
slightly increase the EC of groundwater. Weaver et
al. (1999) investigated this phenomenon in shallow
aguifers in the Struisbaal area.

In the three avallable 1:500 000 map brochures
covering the TMG (see Meyer, 1998, 1999 and 2000a)
the groundwater chemistry in cach of the three ar-
cas is briefly described with a number of typical
analyses from the vartious formations with StT dia-
grams. In the case of the Cape Town map sheet
3317, it includes the analytical data for the Brandvied
hot spring that has an EC of only 78 mS/m. For this
map sheet the groundwater EC generally varies from
7 10 70 mS/m (Mever, 2000). In the case of both the
Oudtshoorn map sheet 3320 (Meyer, 1999), and the
Port Elizabeth map sheet 3324, the groundwater EC
raries from 10 to 100 mS/m (Meyer, 1998). The
significant effect of the interbedded shales In the
Nardouw Subgroup on the EC is demonstrated by
analytical data for the area near Port Elizabeth where
ECs are in the order of 250 mS/m (Meyer, 1998).

Detalled Investigations by Kotze (In press) near
Oudtshoorn In the Gouritz water management area
reveal a better water quality in the Peninsula than
in the Nardouw Formation. which is ascribed to the
influence of the higher feldspar content and more
abundant shale horizons In the Nardouw Forma-
ton. However, it cannot be generally assumed that
water quality in the Nardouw will be infertor. In
stances have been noted where groundwater of simi-
lar quality occurs in the Nardouw and Peninsula
Formations, for example where fresh surface wa
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ters flow over and recharge the Nardouw along drain
age channels as well as where faults displace the
Cedarberg Formation, allowing upward leakage of
better quality groundwater from the Peninsula For-
mation.

Major inorganic ions

Generally, sodium s the major cation and chloride
the major anton in TMG groundwater. Henee, 1t 18
classificd, as Na-Cl dominant. This is illustrated by
the Piper classification of TMG groundwater (see Fig
31 which shows groundwalter is more olten of a INa)
(CL SO ) type rather than of a (Ca. (Mg) (CL (S0, )
tvpe. The former is predominant. constiuting more
than 60% of analyses over most of the arca. How

cver, In the “western imb™ and “syntaxis™ areas,
(Ca, Mg) (CL. SO,) water constitutes more than 40%
ol analysed samples (Vegter, 1995), and in the Grool
Swartherg over 50% (Simonic, 2001). However, less
than 20 of the TMG sample population is of a Ca-
Mg CO_ water type (Simonic, 2001)  In most rock

types, the naturally acidic rainwater dissolves
calcite from the host rock, which neutralises the
carbonic ackd. In the TMG. this process 1s excluded
and the normal development of alkalinity and a bull-
ering capacity by the carbonate system cannot take
place. The poorly butfered pH can be seen in the
wide pH range measured for all formations, The low
alkalinity, low pll and high acidity lead to the wide
spread occurrence of corrosive waters.  In thermal
springs. the free CO, generally evolves into (cal
clum) alkalinity. Le. it causes the points (o plot
further to the left in the Piper diagram

In addition, Kotze (in press) noted that the
macro-chemistry of groundwater associated with hot
springs differs from that of boreholes drilled into the
T™G. Hot spring water s more mineralised, and is
considered to represent a mixture between TMG
water from depth with groundwater in the overlying
Bokkeveld shale during its upward flowpath. Shal
low boreholes drilled on more localised structures
in the Nardouw subgroup., and also those drilled near
the Bokkeveld shale contact. are more mineralised,
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Figure 2
Summary of mone Important ASpects of groundwarer Quakty per water
managament arsa

Trace clements

For the Klein Karoo arca, Kotze (in
press) made the following deductions
based on trace clement data:

In general, TMG groundwater
does not contain significant con-
centrations of As. V. Cr, Mo. Pb,
Hg or Cd, Therefore, any occur-
rence of significant concentra-
tons of these metals will indi-
cate contamination. The pre-
sence of Cd in one particular
horehole was assumed 10 be due
to impurities in the acid used
for borehole remediation.

Ha. Al. and Sr prove 1o be valu-
able tracers which are asso
clated with the dissolution of sili-
cate minerals (feldspars and
clays, respectively).

From the imited data set. Al con-
tents for TMG aquifers are gen-
crally less than 0.5 mg/& The Al
content for the Peninsula agui-
ler is generally the lowest (less
than 0.02 mg/f and In-creases
In less densely fractured arcas,
The Al concentration In ground-
water is controlled by the disso-
lution of feldspar and the forma-
ton of Al jon complexes.,

Ba proved to be good tracer for
distinguishing between Nardouw
and Peninsula groundwater, The
Ba content in the Peninsula
aquifer 1s generally below
0.002 mg/t, compared to the
Nardouw aquifer where it exc-
ceds 0.002 mg/t with the only
cxceptions being two boreholes
drilled on shallow structures far
from the recharge area. Ba is one
of the trace elements present in
shales. Therefore. the higher
shale content of the Nardouw
Subgroup, most likely gives rise
1o the higher Ba concentration
in Nardouw groundwater

Sr seems 0 be the most infor
maltive trace clement for TMG
aquifers and commaonly replaces
Ca and K in feldspar minerals.
Sr concentrations are the lowest
in the Peninsula acquifer (< 0.003
mg/q.

N1 Cu. Zn and Co are present in
groundwater in contact with
minerals containing these trace
clements, In shales and quartz
veins (Halbich et al.. 1995),
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. Mn concentrations we generally low (< O g 0
and increase towards the Baviaansklool For-
mation’ Bokkeveld Group con-tact.

. Fe concentrations are generally low (< 0.1 mg/ 0
and Increase towards the Cedarberg Formation
contact and in shallow boreholes drilled into
weathered TMG rocks. Fe concentrations
Increase with a decrease in pH and dissolution
of pyrite, leading to the formation of sulphates
in an oxidising chemical environment:

. B (boron) seems to be an important indicator
of flow paths through Enon, Bokkeveld Group
or alluvial aquifers, which overlie the TMG

Hydrochemical problems
Corrosivity

The softness of TMG groundwater together with its
poor bullering capacity and acldic nature results in
the water being corrosive. The pH s generally in the
range of 5.5 to 7 (Fig. 2b). According to Simonie (in
press). groundwater Is classified as being soft and
even very soll in parts of the Brod and Gourite water
management areas. In the Eastern Cape the
groundwalter is moderately soft (Simonic, 2001 ).
As TMG water is aggressive, care must be taken
in the selection of materials such as well soreens,
casings, retculaton piping and reservoirs.  Corro
sion of conduits and reservoirs can have a signili-
cant financial impaect and can affect the water gual
ity 1o a point where it becomes unfit for houschold
use (Mackintosh et al., 1998). The problem can be
overcome by good design, for example using corro-
ston resistant matenials such as PVC. In additon,
suitable quality steel must be used for borehole
pump components. At one borehole of the Klein
Karoo Rural Water Supply Scheme, particularly cor-

rosive water (pH 3.6) destroved a new bronze sub-
mersible pump and impellers within 25 months
Treatment and stabilisation of the walers can re-
duce reticulation system corrosion (Mackintosh,
2001),

Iron and sulphate

In anaerobic conditions TMG groundwater contains
lerrous fron (Fe®) of up to several milligrams per
litre (Fig. 2). This is particularly prevalent in the Nar-
douw Formation in the Gourttz WMA and in both
the Peninsula and Nardouw Formations in the East
ern Cape. The concentrations shown may underes-
timate the problem. as exact concentrations of Fe in
the aquifers are generally unavallable. largely be-
cause of the instability of dissolved fron in the water
samples.,

The presence ol fron gives the water a metallic
astringent medicinal taste.  The taste threshold s
approximately 0.3 mg/fand above 0.1 mg /f 1t causes
other acsthetie problems such as staining of laun
dry, walls and plumbing lixtures (Mackintosh, 199%),
Onee exposed 1o oxyvgen the Fe' oxidises 1o Fe™ and
precipitates as FlOH) giving the water an undesir
able reddish brown colour. A major problem with
ferruginous groundwater is the tendency for iron
bacteria to establish themselves together with slime
forming bacteria, which then create a slimy reddish
brown substance clogging pump inlets, well sereens,
and the reticulation systems. Measures that can be
taken 1o manage this problem are discussed by Jolly
et al, 12001),

At Arabella Country Estate the oxidation of sul-
phides caused the groundwater pH o decrease from
6.5 1o 4.0, while sulphate increased Irom 7 1o 70
mg/ ¢ and the Fe concentration from 10 to 20 mg /¢
(Parsons, pers. comm. ). The sulphides onginate from
pyrites in the Bokkeveld Group. the Cedarberg For
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mation and secondary enrichment in a fault zone.
It is noteworthy that the problem only emerged to
its full extent after the second vear of pumping. Stmi-
lar conditions occurred at Dysselsdorp in the Kiein
Karoo Rural Water Supply scheme where the ground-
water pH decreased to 2.8 at borehole DP 28 (GCS,
2000). The occurrence of the low pH and high iron
levels has major ramifications for future treatment
and usage of TMG groundwater,

Nitrate and phosphate

Inspection of the avallable data on the National
Groundwater Database (NGDB) confirmed that the
isolated occurrences of the nutrients nitrate and
phosphate in groundwater from the TMG are directly
related to pollution. Generally, the occurrence of
phosphate in groundwater is limited due to the abun-
dance of calcium, but in the TMG phosphate can
attain measurable concentrations due to the pau-
city of calcium,

Pesticides

In & study carried out in the Hex River Valley, it was
found that all the pesticides used in the cultivation
of crops degrade rapidly enough not to be found in
the groundwater (Weaver, 1993). In shallow ground
walter signs of irrigation return flow was conlirmed
by the presence of slightly elevated levels of nitrate.

Saline or brackish water intrusion

The quartzitic TMG generally forms steep, rugged
and relatively inaccessible terrain for drilling rigs
and larming machinery. In addition, soils are poorly
developed for agricultural purposes, The less re
sistant, overlying Bokkeveld Group shales on the
other hand, form fertile, more easily worked soils on
flatter terrain occupying intervening valleys, and are
sultable for agncultural development. In Instances
where the groundwater guality in the Bokkeveld 1s
more saline, irrigation boreholes are commonly de-
veloped in the adjoining TMG. The lowering of
groundwater levels causes reversal of the flow di-
rection, resulting in the intrusion of poorer quality
water from the Bokkeveld shale water into the TMG.
Examples where such intrusion have occurred are
the Hex River Valley (SRK, 1997), Olifants-Doring
WMA (Hartnady. pers. comm. ), and at Dysselsdorp.

The coastal aquilers are particularly suscepti
ble to seawater Intrusion. and this has apparently
occurred at Strulsbaal (Weaver et al.. 1999 and
Vicesbaal (Meyer. pers. comm.). The earlier well
field at Struisbaal was close enough to the shoreline
to be affected by scawater intrusion, while the
salinity in the new well field located further inland,
can be ascribed to sca spray onginating from the
southwest (Weaver et al., 1999),

Pollution

The TMG aquifer system largely occurs in rugged
terrain, which often comprises protected mountain
catchments and. until now, relatively little develop-
ment has taken place in areas overlying these agui-
fers. As a result, pollution of this resource is likely
to remain limited. The excellent water quality in this
aquifer has to be protected and as a result, the
Department of Water Aflairs and Forestry has been
particularly strict in this regard when evaluating
applications concerning waste disposal sites, indus-
trial effluent management, and land use rezonings.

Conclusions

The TMG underlies a signilicant part of the Western
and Eastern Cape. Generally, the water quality is
excellent with a very low salinity because of the In-
ert nature of the rock. mountainous terrain, and
locally high rainfall,

The TMG groundwalter consists mainly of a low
salinity Na-Cl type, and is very soft, It is generally
acidic, poorly buffered due to the low calclum and
bicarbonate, and, therefore, very corrosive,

The main problem assockted with TMG ground-
water. Le. the presence of fron. sulphate and the
assoclated tron bacteria, is only partially understood.,

Although the TMG aquifers are very susceptible
to pollution. those parts consisting of rugged, moun-
talnous terrain are naturally protected. as free ac-
cess of potential polluters is extremely lmited. For
those areas. which are more accessible, pollution
presents a significant threat.

Recommendations

DWAF needs to take spectal precautions when 1s-
suing permits or when sanctioning development in
arecas underlain by the TMG. This is imperative due
to the vulnerability of the TMG Aquifers to pollution.
the sandy soll cover, the lmied attenuation capac-
ity, poor bullering capacity of the water, and the
need o maintain the excellent water guality in these
aquifers

Research needs

The Nardouw Formation Is postulated as the source
of the iron in the groundwater. Confirmation is re
quired to ascertain if this Is actually the source, For
this purpose it will be necessary to determine the
mechanisms of Fe dissolution and the role of iron-
and sulphur bacteria. The geographical and geologl
cal setting as well as other factors may play a
decisive role in the release of the iron from the host
rock

The susceptibility of the TMG Aquifers o pollu-
tion needs the drafting of specific protections meas-
ures for use by DWAF in the decision making proc
Lo LN
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Treatment of Soft, Acidic and Ferruginous
Groundwaters

GS Mackintosh* and HA de Villiers
Cape Water Programme, CSIR. PO Box 320, Stellenbosch 7599, South Africa

Abstract

The sofl. acidic nature of Table Mournain Group (TMG) groundwaters resulls in aggressive and
corrosive attack of fittings, conduits and reservolrs. Such attack can have significant financial
impact, and can lead to detertoration in water quality to a poind where water s wnfit for howsehold
use. Furthermore, these groundwaters frequently contain problematic levels of dissolved tron
and. to a lesser extent. dissolved manganese. Even low concentrations of these dissolved metals
cause poor taste, poor appearance and the staining of laundny and walls, This paper provides a
brief overview of water rreatment requirements (o address the abovementioned problems, and
provides design considerations applicable to both conventtonal and small scale groundwater

treatment plants.

Introduction

Significant areas of the southern and castern fringes
of South Africa are underlain by thick sandstone
formations of the TMG. The importance of these de-
posits is that they contain sizeable aquifers of which
many are tapped by local towns, villages and farm-
ers. Groundwalter abstracted from these aguifers is
usually low in suspended solids and bacteriologl-
cally safe, hence the use of groundwater is often
regarded as being preferable to the use of surlace
water. However. inherent chemical characteristics
ol these groundwaters can necessitate treatment,

Generally, TMG groundwaters are soft and acidic,
typically with low conductivity (5-50 mS/m). low total
alkalinity (0-20 mg /¢ as CaCO ), low calcium (0-20
mg/¢ as CaCO_ ) and low pH (4.0 - 6,00 These char
acteristics result in the water being corrosive (1o
metals) and aggressive (1o cement concerete), attack-
ing pipes, conduits and reservolrs. Such artack can
have significant financial consequences, arising
from:

. lost water:

. replacement and repair of supply pipes, con
dults and reservolrs; and

. replacement and repair of houschold gevsers
and plumbing.

Furthermore, such attack can result in a decrease
in water quality as a result of both:

* To whom all correspondence showld e addressed.
MO21) B8S-2631: Jax (02]) B8S-2682

. raised levels of dissolved metal corrosion
byproducts, often in excess of standard drink-
Ing water requirements: and

. cross-contamination of piped water by ground-
water.

In addition, the TMG groundwaters frequently con-
tain problematic levels of naturally occurring dis-
solved tron (typically between 0.5 and 5.0 mg/{), and
to a lesser extent occurrence of manganese (0.1 to
LO mg/ 0. The presence of even low levels of these
dissolved metals cause buter alia poor taste, poor
appearance and the staining of laundry and walls.

Groundwater quality of TMG Aquifers is relatively
homogieneous although changes In the concentra-
tion of the various major chemical parameters may
occur depending on location and depth of specific
boreholes.

Treatment technologies and know-how to address
the water quality problems associated with these
aquifers are readily avatlable for larger water sup-
ply systems and areas close (o technical support
centres, However, treatment technologies and know
how for small scale and/or remote rural application
are not as readily available. This paper provides a
brief overview of water treatment requirements for
TMG groundwaters, and in particular provides de
sign considerations applicable to smaller scale ru
ral application.

Soft water aggression and corrosion

Saturation state with respect to calcium
carbonate

In terrestnial waters, the carbonate system is the
dominating weak acid-base system 1o the extent that
other systems can be neglected. The carbonate sys
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tem in water s comprised of the species molecularly
dissolved carbon dioxide, CO__. carbonic acid,
H CO _, and the lonie species bicarbonate HCO |, and
carbonate, CO % and the water species, H* and OH.
The relative concentrations of the dissolved species
are governed by chemical equilibrium, and it is the
interaction between these species that controls the
pH of natural waters. Furthermore, consideration
needs to be given to inter-phase equilibrium, Le. wa-
ter brought into contact with a gaseous phase (car-
bon dioxide in the air) or a solid phase (calcium car-
bonate).

For TMG type soft. acidic waters, the solubllity of
the mineral CaCO _is of importance. [n this context
It Is necessary to obtain both a qualitative descrip-
tion of saturation (Le. whether the water is satu-
rated, undersaturated or supersaturated with re-
spect to CaCoO ), and a quantitative description of
the saturation state (i.e. the mass of CaCO_ that will
dissolve into or precipitate from the water), Use of
non-quantitative methods such as the Langelier
Saturation Index and the Aggressiveness Index
should be actively discouraged, as their values are
often misconstrued as being of quantitative signifl
cance, It is recommended that the Calcium Carbon-
ate Precipitation Potential (CCPP) type approach is
used.

The CCPP defines the mass of CaCO,_ to be pre
cipitated from a water to attain saturation with re-
spect o CaCO_, For example, a water with a CCPP
of 35 mg/t as CaCO, will precipitate 35 mg/ ¢ CaCO ,
to reach chemical equilibrium. In doing so, the pH,
total alkalinity and calcium levels of the water will
decrease, whilst the CCPP will decrease eventually
to zero. Conversely, a water with a calclum carbon
ate dissolution potential (CCDP) of 10 mg/fas CaCO
will dissolve 10 mg/¢ CaCO_ to reach chemical equi
lbrium. These parameters, CCPP or CCDP, both give
a quantitative and qualitative description of the ag-
gressiveness of a water. Determination of CCPP/
CCDI 1s most easily determined using the compu
ter software. STASOFT (Friend and Loewenthal,
1992). TMG groundwaters have very high CCDPs
when first brought to surface (up to, say. 250 mg /¢
as CaCO ) as a result of the presence of unstable
excess CO . CODPs of a well aerated TMG water are
typically 20 mg/f as CaCO

Aggressive attack and aggression
mitigation

Soft, ackdic waters attack cementitious material by
leaching free Hme, calcium aluminates and silicates
out of the cement matrix. Where the chemical chir

acteristics of the water are such that it is under-
saturated with respect to caletum carbonate. pro
wressive leaching of calcium minerals will occur, and
may result in the eventual fatlure of the structure,
Such attack is referred to as aggressive attack and
the water Is referred 1o as aggressive water. It should
be noted that TMG derived groundwaters are gener

ally highly aggressive to commonly used cement type
materials (Mackintosh et al.. 1998),

In order (o prevent aggressive attack of distri-
bution networks, it I8 important to alter the
chemical characteristics of the water so that it is
saturated with respect to CaCO, prior to distribution
in the reticulation network, Under such conditions,
initially the dissolution process continues with the
more soluble free Hime being leached from the outer
surface of the cement paste. Dissolution of free lime
results in pH increase, and saturation with respect
to CaCO, at the cement surface. Concomitant pre-
cipttation of CaCO_ takes place, scaling off the
uncarbonated cement surface from the bulk water
body, and thereby preventing further dissolution.
To guard against the development of undersaturated
conditions resulting from carbon dioxide generation
by biological activity, a slight degree of supersatu-
ration is desirable. To prevent aggressive attack by
soft, acidic waters a CCPP of 1 to 4 mg/ ¢ las CaCO))
is usually recommended (Loewenthal et al., 1986).

Corrosive attack

When waler is conveyed, stored or heated, 1t will
react with metal components in the water distribu-
tlon system and with storage tanks, gevsers and
other plumbing components. In Southern Africa the
most commonly utilised metal components are gal-
vanised steel, epoxy lined steel and copper for pipes;
glass lined or copper domestic hot water cvlinders;
galvanised steel storage tanks: and brass or galva-
nised steel Nttings,

Galvanised steel components are mostly confined
to the inland hard water arcas, because galvanised
steel 1s very vulnerable to soft water corrosive at-
tack. Copper is commonly used in soft water areas,
mostly along the coast. Corroston of metals princt
pally results from oxidation and reduction reactions
at sites on the metal-water interface. Depending on
the characteristics of the water and the metal, the
reactions may give rise to continous dissolution of
the metal into the waler (corrosion ), or precipitation
of stable minerals onto the metal surface, thereby
reducing the arcas ol active electro-chemical sites
and the rates of reaction. even eventually stopping
the corrosion completely (passivation),

Whilst the corrosion processes in water s com-
plex, it is sulfice to note that TMG derived ground-
waters are generally highly corrosive 1o commonly
used metals (lor further detall relating 1o corrosion
see Stumm and Morgan. 1996 AWWA, 1996, Mack-
intosh et al . 1999)

Corrosion mitigation

Control of corroston in low pH. low alkalinity waters
may take several forms including selection of mate-
rals resistant to corrosion and chemical addition.
In briel, corrosion prevention and minimisation ap-
proaches include consideration of the following:
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influence of pH on the wniorm comosion of copper lubing
(from AWWA, 1296)

Materials selection

Lead pipe, lead solder, uncoated steel and galva
nised pipe are not suitable for soft, acidic waters
Whilst iron and copper are subject 1o corrosive at
tack, water conditioning requirements to reduce
corrosion (o acceptable levels are reasonably read
ily achieved

Phosphate

Poly- and/or ortho-phosphate addition with pH ad
Justment (o neutral or slightly alkaline pH values
has been found to be effective in reducing iron and
galvanised pipe corrosion. However, human health
impact concerns and copcerns relating to the dis
charge ol phosphates via waste-waters into receiyv-
ing natural water bodies exist.

Silicate

Addition of silica with pH adjustment has been found
to reduce corrosion in copper, steel and galvanised
steel: but the effects are not significantly different
from those of pH adjustment only.

Protective films and pH adjustment

If passivating protective films can be lormed on
plumbing materials, they may become protected
from corrosion. In soft, acidic waters the solubility
of these films is entical In reducing corrosion rates
to acceptable levels, In many cases adjustment of
pH and total alkalinity, short of caleium carbonate
saturation, gives sullicient protection. For example,
with copper. pH Increase itself has been found to
significantly reduce corrosion through the forma-
tion of a stable copper oxide scale (see Fig, 1)
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Figure 2

influence of pH and CO2 conceniraton of synthedic maler on the
o uake rate v steel ppes min scale (from AWWA 1996)

Iron and steel corrosion can also be significantly
reduced by pH and total alkalinity adjustment f the
PH is initally very low (see Fig. 2).

Stabilisation

The predominant corrosion control measure utilised
in most parts of the world is pH adjustment for cal-
cium carbonate saturation control. Most major utili
tes practice this method of corrosion control because
of the relative economy and proven effectiveness of
protection,

Stabilisation of soft, acidic waters

The principal treatment component of measures (o
prevent corrosive and/or aggressive attack by TMG
type soft, acidic waters is the chemical condition-
ing, or stabilisation, of the water. Complete stabilisa-
tion of water requires adjusting the chemical char
acteristics of the water such that:

calcium and total alkalinity =50 mg/ ¢ as CaCO,
e 65<pH<95
o CCPP of about 4 myg/t as CaCO..

Stabllisation is usually achieved via the addition of
Hme (CalOH) ), to increase calcium (Ca™) and total
alkalingy levels, and the additon of carbon dioxide,
(CO ), 10 add carbonate species and adjust pi, Whilst
such stabilisation methods are well documented and
understood, control of the process requires well
trained stall and rellable equipment - both seldom
available in the many small towns and commumi

tes receiving such waters. At smaller works, 1t is
often the practice that lime s added on its own;
thereby creating a poorly buffered product water (no
carbonates added) the pHl of which will be unsiable,
(On occaston sodium carbonate, sodium bicarbonate
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or sodium hydroxide is used. however, this Is gen-
erally very expensive and s not practically effective
with solt water as no caleium s being added.) For
the rural small volume user. lime mediated stabils
sation Is not practically feasible, and the costs of
corrosion/ aggression are usually significant (Mack
mtosh et al., 1998). An alternative approach is par-
tal stabilisation using limestone.

Partial stabilisation of soft, acid waters
with limestone

In the limestone contact process the existing natu-
ral driving force of the water (CCDP) is used to take
up the necessary carbonate and calcium species by
exposing the water to solid limestone (CaCO ). Typl
cally a water with CCDP of 25 mg/¢ CaCO_ will take
up 25 mg/t CaCO, f sufficlent contact time Is al-
lowed to reach chemical stability: in doing so pH.
total alkalinity and calcium levels of the water natu-
rally increase to desirable levels. By definition this
approach will never lead to a CaCO_ supersaturated
water, hence the term “partial stabilisation™. Imple
mentation of partial stabilisation with limestone by
CSIR at numerous sites in South Alfrica has shown
that correctly implemented partial stabilisation is
effective in reducing the aggressive and corrosive
characteristics of the water, making the water es-
sentially non-aggressive o cement concrete, non-
corrosive to copper and with a significantly reduced
corrosiveness to iron. Stabilisation with lmestone
has also been shown to have significant advantages
over the traditional use of lime and carbon dioxide.

These include bnter alia:

. A significant running cost saving of about 75%
relative o lime stabllisation. Limestone is sig-
nificantly cheaper than sultable quality white
lime, approxumately SAR 225/1 vs. SAR 1200/t
lyecar 2001 prices).

. No carbon dioxide is used

. pH Is controlled naturally at desirable levels
as the water approaches chemical equilibrium.

. A well bullered product walter.

. The process requires little or no operator skill

Perceived disadvantages of the use of limestone re-
late to the required contact time (about ten minutes)
and associated reactor size and capital costs. How-
ever, these perceived disadvantages have been
shown 10 be negligible relative to the significant
chemical and operational running costs savings, and
the robust. simple nature of the hmestone based
process (Delport, 2001),

Stabilisation of groundwaters

Soft. acidic groundwaters usually have very low phis
resulting from very high in stiu dissolved carbon di
oxide content. When pumped to surface and exposed
to the air, the difference In partial pressure between
alr and water creates a driving force for CO_ expul

ston. Whereas equilibrium between species in the
aqueous phase 1s virtually instantancous, when two
or more phases are present lagqueous, solid and gas),
the rate to equilibrium is usually relatively slow.
When considering stabilisation of a soft groundwater
it s entical to consider the effect of this unstable
excess CO_. Where contact with limestone is prac
tised prior 1o expulsion of excess CO_, care must be
taken 1o ensure that excessive limestone uptake does
not result from the temporarily high CCDP created
by the unstable CO_. Where excessive limestone
uptake Is allowed to occur, subsequent significant
precipitation of CaCO_ will take place when the un
stable CO_ is gradually expelled from the water.

An example of how to effectively stabilise a
groundwater using limestone is the “Spraystab™ sys-
tem: which has been found to be very effective in
stabilising. and removing dissolved ron from,
groundwater (Mackintosh et al., 1998). The system,
as shown in Fig. 3, is suitable lor small-scale users
(1 103 m'/h).

The system consists of three main components
with the following specific functions:

. Aecration writ. 1o strip excess carbon dioxide and
dissolve some oxygen into the water o assist
in the oxidation of tron and manganese,

. Stabttsation unit, to increase calcium, total al-
kalinity and pi of the water such that the CCDP
is significantly reduced. Partial stabilisation is
achieved via providing sufficient contact time
with a sultable imestone aggregate, The asso-
clated increase in pil and total alkalinity pro
moles the oxidation of iron and manganese (o
their trivalent state, which is insoluble and
precipitates to form floc,

. Filtration unit, to remove limestone fines and
other insoluble matter such as iron and man-
ganese floc. The filter s a dual media filter com-
prising both hydro-anthracite and filter sand.
The filter bed is divided into two by a splitter to
allow backwashing of half the filter area at a
time, using the available low volume supply to
the acration unit,

Iron and manganese removal

Groundwater extracted from aguilers is usually low
in suspended solids and bacteriologically safe, mak-
Ing a managed groundwalter source usually acstheti-
cally superior to surface water. However, TMG
groundwater may contain dissolved fron and man-
ganese at problematic concentrations. Whilst fron
concentrations of up to several milligrams per litre
can exist without discolouration or turbidity in the
wiater when first brought to the surface, with time
the iron will come out of solution giving the water an
undesirable reddish-brown colour. Furthermore. the
presence of both ron and manganese give water a
taste described as metallic, astringent or medicinal,
The taste threshold for fron and manganese Is ap-
proximately 0.3 mg/¢ and 0.15 mg/{ respectively,
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Figure 3
Configuraton of Spraystab Unt

Iron and manganese may also cause other aesthetic
problems such as staining of laundry. walls and
plumbing lixtures at levels above 0.2 mg/¢ and 0.1
mg /¢ respectively. [t Is desirable to remove iron and
manganese from water to values below 0.1 mg /¢ and
0.05 mg/t respectively.

Water treatment requircments

Treatment requirements for the removal of both dis
solved iron and manganese from water are well
understood and documented, All methods will reguire
the oxidation of the relatively soluble Felll) and Mnyll)
to insoluble Felll) and Muotlll, V). This is followed
by conventional coagulation/flocculation, and sedi-
mentation in a setling tank, followed by Altration.

Important considerations for the optimisation
of tron removal include

. The rate of oxidation of Fe{ll) with oxygen s
very pH dependant. In solutions with pH »5.5
a 100-fold increase in the rate ol reaction oc-
curs for a unit increase in pH.

o As shown In Fig. 4. Felll) requires a pH >7 In
order to be oxidised at a reasonably rapid rate.

. Oxidation by acration is a viable option for tron,
and has the additional benefit that concoml
tant stripping of dissolved carbon dioxide will
also occur, thereby raising the pH.

. The oxidation of Felll) is catalysed by the re
action product Fedlll). The assoclated signifi
cantly improved efliciency of oxygenation can
be capitalised on by contacting the aerated
water with Fe(lll) in. for example. filter media.

. Ferrous carbonate, such as may be formed
when ron rich water s contacted with lime

Ym 72 h
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stone, s 50- 100 times more fllterable than the
usual Fe (1 form of ferrous hydroxide (Olsen
and Twardowski. 1975).

. Soft, acidic waters with low total alkalinity re
quire dosing of an alkall to assist oxidation.

Important considerations for the optimisation of
manganese removal include

. The chemical behaviour of manganese is simi-
lar to that of iron: however, it is more difficult
to remove manganese from water than iron.

. As shown in Fig, 5, the oxidation of Mnlll) to
Mn(lll) by aeration is a slow process unless the
pH 15 raised above 9.5. Generally, a stronger
oxidant than oxygen is required to remove
manganese, Under dual precipitation condi-
tions with ron, reasonable oxidation rates oc-
cur at a pH of 8.5,

. The presence of a coating of manganese diox
ide on sand grains of a filter has an autocata-
Ivtic effect and increases the removal efficiency
of manganesce,
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® The presence of dissolved calctum carbonate
is benefictal 1o manganese removal, possibly
due to the formation of manganese carbonate;
and the rough surface of limestone has been
shown to improve flocculation of manganese
cven though the manganese precipitate does
not adhere to the imestone

. Soft. ackdic waters with low total alkalinity re-
quire dosing of an alkali to assist oxadation.

Conventional iron and manganese removal

Because of the slow reaction kinetics with molecu-
lar oxygen. chemical oxydants are often added at the
beginning of the water treatment process (0 oxidise
fron and manganese. Common oxidants which may
be used are chlorine. potassium permanganate,
ozone and chlorine dioxide. With the use of such
chemical oxidants, oxtdation s quite rapkd at pH 7
and higher. Very soft waters with a low total alkalin-
ity and low pH (pH 4 to 6) require pre-dosing with
an alkall, Hence, conventionally fron and manga-
nese removal from TMG type soft waters is achieved
by dosing of lime (pH and alkalinity adjustment) fol-
lowed by chemical oxidant, coagulation, floc forma

tion and settling, followed by lltration. This necessi-
tates a combined retention time of about two hours.
However, this conventional approach is both imprac-
tical (chemical dosing and expert operator input re

quirements) and costly (high capital cost and high
running costs) for small rural water treatment sys-
tems. (For further detalls of conventional large-scale
iron and manganese removal, the reader is referred
to Van Duuren, 1997,)

Small-scale iron and manganese removal

In rural communities in developing countries, proc-
esses requiring dosage of chemicals are to be avolded
because of the cost of mechanical plant and chemi-
cals, as well as the lack of technical back-up and
frequent fatlure of poorly maintained water treat-
ment plants. Under these conditions methods us-
ing natural processes such as acration and multi-
media filtration should be encouraged. For the use
of these simple processes 10 be effective, maximisa-
tion of the optimising factors noted above is cructal:
in particular, additional benefit i1s provided for both
removal of ron (Smith et al., 1993) and manganese
(Hamidi and Smith, 1992) by inchuding contact with
limestone,

The aforementioned Spraystab unit (see g 31
capitalises on these design considerations and has
been shown to be effective for ron removal for small
scale users (1 to 3 m*/h) where tron Is less than
3 mg/C This system can be upgraded to treat, say,
10 m*/h and iron of up 0 5 mg/é Importantly, the
Spraystab system is able to achieve iron removal
with a total retention thme of about fifteen minutes:
i.e. considerably less than the two hours of a con-
ventional system. Larger plants can be designed (o
capitalise on the chemistry  engineering of this ap

proach. and a number have been installed by CSIR
in the Western Cape. South Africa. These plants
have heen shown to be effective in stabilisation,
and ron and manganese removal, Such a plamt
would typically consist of an aeration tank,
autocatalytic up-flow reactor/ separator. dual media
filtration (hydro-anthracite and sand), followed by
o limestone contactor, For rural schemes, these
iron/manganese removal systems have signilicant
advantages over conventional provesses including

. Low operator skill and input requirements.

. No risk of oxidant and/or alkall overdosing.

. Significantly reduced capital and operating cost
savings.

. pH is controlled naturally at desirable levels.

. No use of industrial type chemicals.

. No use of dosing pumps.

Finally, it is important (o note that when the Fe or
Mn jon is associated with natural organics present
in the water, typically dissolved humic substances,
oxidation will only be possible with use of powerful
chemical oxidants.

Conclusions

TMG groundwaters are soft and acidic. Conduit and
reservolr materials selection. and water condition
ing are important in preventing the pernicious ef-
fects of aggressive and corrosive attack. Partial
stabilisation will make the water essentially non-
agaressive 1o cement concrete, non-corrosive 1o cop-
per and with a significantly reduced corrosivencss
to fron. Use of correctly designed limestone contact
systems climinates most of the complications of con-
ventional stabilisation plants. and supervision and
maintenance is minimal. Careful consideration must
be given 1o unstable excess CO_ when designing
groundwalter stabilisation systems.

™G groundwaters may contain dissolved iron
and manganese at problematic concentrations. The
conventional approach to ron and manganese re
moval is usually not appropriate for groundwater
schemes, being impractical and too costly, Meth
ods using natural processes, such as aeration and
multi-media-filtration. in combination with lmestone
contact, have been shown 1o be effective and have
significant operational and cost advantages over con
ventional approaches, For these systems (1o operate
successiul, careful consideration must be given to
design considerations.
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Occurrence and Management of Iron Related

Borehole Clogging in Table Mountain Group
Aquifers

JL Jolly' and P Engelbrecht**
' Grounduwater Consulting Services, PO Box 328, Mlumstead 7801, South Africa
¢ Groundwater Group Cape Water Programme, CSIR, Stellenbosch, South Afnica

Abstract

The first peart of this paper discusses theoretical condiions and circumstances influencing borehole
clogging as a result of tron precipitation and allied biofouling processes, covering the chemical
and biological processes involved, the mondtoring of clogging and managemen! measures (o
reduce clogging. The second part of the paper describes clogging in Table Mourdain Group (TMG)
Aquifers, Its occurrence, effect on abstraction and remediation measures. The groundwater from
some of the TMG Aquifers has elevated tron levels (0.2 £ s) contributing to borehole clogging. In
some clircumstances iron concerurations exceed [Omg/ £ although there is no dear correlation
bettveen clogging and iron concentration. In advanced stages of clogging borehole yleld decreases,
although the most noticeable indication of clogging s a dramartic increase in drawdown during
pumping with Umited effect on yield. Correct management of abstraction can reduce clogging
Impacts, Boreholes need o be pumped at lower rates and Jor longer periods, comypeared (o limied
periods of abstraction with high abstraction rates and high water level drawdowns, High
drawdowns invartably result in water levels dropping below upper water sirikes, thus resulting
in water cascading down the inside of a borehole. This cascading promotes aeration of the
water, dramatically increasing the rate of bwfouling. Design of production holes and the
management of abstraction in TMG Aquifers, must take into account the added problems of

clogging. I fallure of abstraction schemes s 0 be avoided.

PART I: IRON RELATED CLOGGING
Introduction

Borehole clogging as a result of fron precipitation
and biofouling has been studied for many years, The
clogging process reduces the vields of production
boreholes and s a problem experienced all over the
world. It 1s a complex phenomenon that 1s cansed
by a variety of physical, chemical and bological fac

tors (Howsam, 1990}, lunctioning alone or in com-
bination with each other IMansuy et al., 1990), Clog-
ging deposits can be attached o the borehole screen
or can occur in the aguifer immediately surround

ing the screen and treatment of the problem will dif-
ler accordingly. The clog@ing results in reduced
groundwater flow to the boreholes, causing a de

crease in borchole efficiencies, a decrease In spe

cific capacity, lowering of the borehole vield and even

tually, fatlure of the pump or the borehole. In addi-
tson, in mature blofilms under anaerobic conditions,
corrosion of metals oceurs as a result of microbial
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activities resulting in the total disintegration of
borehole equipment.

There are dilferences in the depositional pat-
terns under different environments, Generally, if
clogging has aflected all the boreholes in a well field.
then the clogging is probably caused by geohydro
chemical or geomicroblological processes. If only
some of the boreholes in a well field are clogged,
the canse will more likely be accidental (Van Beek,
1984), The different depositional environments can
result in different rates of clogging, hence the
difference in clogging between PVC, iron or stainless
steel screens. Deposition over PVC sereens seems
o be more even, while there tends to be more
tuberculation on steel and stainless steel screens,
As @ result stainless steel wells plug faster than
PVC screens - PVC screens have been found to plug
on average 63% slower than stainless steel screens
under the same conditions,

Clogging can be extremely rapid, reducing the
borehole yields to below their recommended capac
ity within months of installing (Smith, 19582; Hackerr,
1987; Cullimore, 1992). Boreholes can however be
remediated, although effective remediation requires
knowledge on the causes of clogging. The rehabili-
tation of boreholes is often made very difficult and
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Part 5. Resource Evaluaton and Management

ineffective when the problem Is not successfully
identified. It Is therefore umperative that the type
and cause of clogging be identified betore rehabili-
tation is attempted.

Chemical clogging

Clogging of a chemical nature may result from the
deposition of chemical precipitates that are often
initiated by the presence of oxygen, pH shilts to the
alkaline range. or increases in the redox potential.
Chemical precipitation processes that can affect the
aquifer, the well, the pump and pipework include :

. Iron oxyhydroxides precipitation
Occurs when ferrous (Fe) bearing anacrobic

groundwater becomes oxygenated, causing a
ferrous to ferrie (Fe™') conversion and the pre-
cipitation of insoluble ferric oxyhydroxides,

. Electro-chemical corrosion of components
made of iron and steel. Corrosion can lead 1o
fallure of pump components. screens and ris
ing mains,

The degree of fron oxidation or reduction is strongly
influenced by a number of physio-chemical factors
such as:

redox potential:

pH:

the presence of organic compounds;
dissolved oxygen: and

micro-organisms (which can affect Eh-pll con-
ditions).

Oxidised forms of tron found In groundwater are
typically insoluble precipitates of various morphology
at moderate pH ranges.

Within the usual pH range of natural water (pH
5 to 9) and within an Eh range of 100 to 200 mV, a
considerable Fe” concentration can be maintained
in solution (Hem, 1970), although soluble ferric may
occur at low pH values, However when oxidation
takes place due to the introduction of oxygen or via
hacterfal activity, the precipitation of insoluble fer-
ric products occurs. The Fe? form of iron 1s used in
bhacterial chemoautotrophic oxidation. When oxida
ton due to well conditions or bacterial activity oc-
curs, precipitation of insoluble Fe(lll) products oc
curs, As the system becomes more oxidised (higher
Eh) the ferric jon (Fe™) or its mineral or polymeric
salts (ke Fe{OH) ) become prevalent. By definition of
Glathe and Ottow (1972), strongly oxidising condi-
tlons occur at or above Eh +390 mV al pH 6.

Ferrie iron is soluble at low pH values, but above
pH 4.8 the solubllity of ferric species is below 0.01
mg/¢ Only under highly reduced conditions, such
as found in coal, for example, will iron occur as py-
rite (FeS ), which is insoluble.

Groundwater that is high in dissolved iron can
be associated with the oxidation of reduced iron
minerals. Aquifers that contain oxidised iron miner-

als and organic debris may provide an environment
favorable for tron reduction and high concentrations
of ferrous fon in solution (Hem, 1970). Iron reduc-
tion and oxidation in most environments can pro-
ceed without the Intervention of microorganisms,
particularly at near-neutral and alkaline pH values,
but bacteria are frequently assoclated with oxidised
tron complexes (Aristovskaya and Zavarzin, 1971).

Pumping frequently oxygenates tron-rich water
flowing in from the aquifer and iron precipitation
can result (Heidel, 1964). Boundary lavers in redox-
stratified environments such as pumping and re-
charge wells provide the setting for both chemical
and microblological oxidation of fron.

Insoluble iron compounds make up approxi
mately 90% of the dry weight of iron blofouling de-
posits (Pedersen and Hallbeck, 1985) therefore ne
cessitate an understanding of ron clogging proc-
esses when attempung to prevent subsurface clog-
ging. The chemical and biological mechanisims by
which iron may be transformed from the soluble to
the insoluble state are not casily distinguishable.
McCrae et al. (1975) explained the (ron precipita-
ton process as follows:

. Iron s dissolved from ron-containing forma-
tons under anacrobic/acidic conditions.,

. The tron will remain in the soluble ferrous form
until there Is a risc in the pH or Eh of the wa
ter.  An iIncrease in Eh may be encountered
because of increased oxygenation as the
groundwater approaches a pumping borehole,
initlating chemical fron precipitation at the
acrobic /anacrobie interface. Some bacterta (ltke
Gallionella) can obtain energy from the oxida-
tion of ferrous to ferric fron and tend to grow at
the aerobic/anacrobic interface.

Distinguishing between the pure chemical and a
biological enhanced process of iron precipitation
taking place in this region is very difficult,

The mineral content of the scale developed in a
borehole dictates the kind of treatment required to
remove the scale, The first minerals precipitated are
of low erystallinity (amorphous) and thermodynami-
cally unstable. However, with time the minerals
recrystallise and become more stable - the process
is called “scale aging”. Old scale. because It is more
stable, Is more diflicult to remove. The iron precipi-
tation sequence is:

ferrihydrite — lepidocrocite -+ goethite

Dissolving tron oxyhydroxides takes place either via
proton assisted dissolution or ligand-promoted dis-
solution or reductive dissolution.

Biological clogging

Biological clogging is the most common form of clog-
ging of water wells and s commonly referred to as

bilofouling. About 80% of all wells that are experi-
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encing clogging, have a high level of blological ac-
tvity (Mansuy et al., 1990). Although iron oxsidation
s always a chemical proses, bacterial induced fron
precipitation is distinguished from chemical iron
oxidation by far more rapid and severe clogging
(Smith, 1982). Rates of biologically enhanced ron
biofouling can be 100 000 greater than rates of
chemical clogging. Even under conditions where
bacterial levels are low, the bacterial activity
Increases clogging rates considerably compared to
natural chemical clogging (Cullimore, pers. comm. ).

Bacteria causing borehole clogging occur in com
plex biofilm communities. The blofilm can range in
size and thickness depending on a number of fac-
tors which are usually site specific. The analvsis and
identification of these microbial communities is nec
essary in order to understand the underlying bio-
logical nature of the problem and to be able to de
sign effective borehole maintenance and control pro-
cedures,

There are three major groups of bacteria which
have been generally identufied as contributing to clog
ging problems. These three groups have been iden-
ufied as slime forming bacteria (SFB), ron related
bacteria (IRB) and sulphate reducing bacteria (SRB).
SFBs are the most common group of micro organ
tsms found in aquifers. The majority of slime form-
g bacterta are also responsible for large deposits
ol chemical precipitates leading to the overall vol-
ume of biomass. The most frequently described bac-
terial degradation of borehole performance involves
the phenomenon known in the groundwater indus
try as “iron bacterta”™. Iron bacterta are described as
‘the most notorious microbiological pests in the
borchole industry™. [ron related bacteria consises of
many genera and species of bacteria, with varying
morphology and physiology. Attempts to predict the
occeurrence of iron bacteria and to rehabilitate the
systems suffering from them often falls. This may
be, in part, due to a lack of understanding by micro-
hiologists of the complexity of the subsurface envi-
ronment and by hydrogeologists of the nature of the
micro-organisms involved (Tyrrel and Howsam,
1997). Typically, most iron related bacteria are also
slime forming bacteria which are also capable of
precipitating and accumulating chemical precipl
tates. A biofilm developed on a surface can be par-
ticularly hardy, having been found to exist in envi
ronments of extreme temperature, pressure and
chemical condition. Within a biofilm anacrobie con
ditions can develop - even in a blofilm only a few
millimetres thick (Howsam. 1990). The SRBs grow
under the anacrobic conditions within the biofilm
SKRBs are obligately anacrobie heterotrophic ongan
1Isms which use organic matter to assist in the re
duction of sulphate 1o sulfide (e.g. Desulfovibrio ard
Desulfotomaculuem). The products of sulphate reduc
tlon are hydrogen sulfide and sulphurie acid - the
sulphuric acid can lead to corrosion, while hydro
gen sulfide creates problems with water treatment,
There i1s often an association between pseudomonads
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Figure 1
oh - pH dagram for won speces and iron baclena

and sullate reducing bacteria involved in corrosive
biofouling.

Through the years of scattered research, the var
lous iron bacterial species have been linked to spe-
cific Eh-pH ranges for growth. Most of these envi-
ronmental conditions occur in ground water and
wells. Bacterta associated with fron cause its
precipitation in the oxidised state by modilving the
local redox conditions, either directly or indirectly
ferrous trons are oxidised to the ferric state and the
fernie frons so produced form insoluble oxyvhydrox-
Ides,

Fe '+ H' + "4 0, —» Fe' + 2 HO
Fes' + 2",() - FeOOH + 3H’

Most of these reactions are microblally catalysed
under natural conditions. The role of microorgan-
fsms in fron reduction has only been studied exten
sively since 1985, Prior to 1985, most geochemists
and microblologists considered Fe' reduction to be
an a bologic reaction initated by “reducing condi
tions”™ (Chapelle, 1992). However, with the solation
and characterisation of Fe'' - reducing microorgan-
isms in the late 1980s, it hecame clear that this
important component ol the iron cyele 1s largely
mediated by microbial processes.

Bacteria growth is enhance under conditions of
high flow velocities - the higher velocities increase
nutrient uptake and thus the rate of biofilm devel-
opment. The design of the boreholes and the opera-
ton of the pumps should therefore be aimed at re
ducing flow velocities to the lowest possible levels,

Figure 1 shows the Eh-pH diagram for major
iron species in relation to the occurrence of iron
bactena in the environment (after Hem and Cropper,
1959 Aristovskava and Zavarzir, 197 1) Thiobactllus
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[Facos g o entarces soypunstion |

Increased flow velocties o key ports 1 borehole stucture.

N o -

(7. ferrooxidans) is an acidophile that uses dissolved
Fe™ as an energy substrate and requires an acidic
environment. Siderocapsacae. Leptothrie and Gallio
nella typically thrive at circum-neutral pll, most of-
ten at the Eh-pH boundary. which involves the for-
mation of Fe'' precipitates, as the result of their
metabolic acuvities. Gallionella 1s associated with
the lowest Eh of the bacteria indicated.

Microbial activity normally concentrates around
the redox front - the position where water changes
form being reductive (from approximately -50 mV)
1o oxidative (greater than 150 mV). Positive Eh val
ues support acrobic microblal activity while nega-
tive Eh values encourage anacrobic blomass gen
eration - under anaerobic conditions blomass gen-
eration is reduced there is a downward shift in pH.
a greater potential for gas production Le. hydrogen
sulphide.

A pH of between 7.2 and 8.8 is optimal for the
growth of most micro-organisms. At lower and higher
pHs the microblal diversity and microblal growth
becomes restricted. At pHs of less than 5.5 (as typi-
cally seen in the Klein Karoo) the process of biofouling
becomes retarded while the only bacteria that grows
with any vigour is Thiobacillus. The ideal pH for most
bacteria is 8.3 - 8.7. At a pH of less than 4.5 micro-
flavra are restricted, although microbial generated
acidic leaching can occur (assisted by Thiobacillus)
if oxygen and sulphates exist. At a pH less than 5.5
blofouling 1s retarded since the microorganisms ase
generally traumatised by the conditions.

The redox potential also provides an indication
of current growth environments:

. Under highly oxidised conditions (>150 mV),
the water being abstracted has passed through
a redox front. the front being located away from
the borehole, deeper in the aquifer

. Redox values between -50 and +150 mV indi
cate a redox front in or directly adjacent to the
borehole, with potentially serious impacts on
the screens and the pump.

. 50 - 150 mV, pseudomonads are often domi
nant, especially If a source of organic carbon
nutrient exists. Most of these pseudomonads
will form a sline, often In the upper oxidised
zone In a borehole. with SRBs found in the
deeper, oxygen poor. reduced environment.

. The zone between -50 and + 50mV constitutes
the redox front and is the blozone of greatest
microbial activity.

. at redox values of between 50 and -200 mV
oxven is mited, and SRD corrosion is likely,

Tvrrel and Howsam (1990) demonstrated a simple
process model, as shown in Fig. 2, which identifies
those factors considered Lo govern the indtiation and
the rate of iron blofouling, [ron biofouling requires a
groundwater with a ‘significant” dissolved iron con
tent, a microbial inoculum and concentration of
nutrients sufficient o support an active biofilm. The
assumption of Tyrrel and Howsam's ( 1990) model is
that the nutrient supply and microbial inoculum is
always present.

The clogging deposits consist of mainly iron hy-
droxides, microbial cells, ECPS and water and has
a slimy/sludgy texture when relatively fresh (Tyrrel
and Howsam. 1990). The characteristics of the bio-
film change with age and when the deposit s quite
old it tends to become harder, brittle and more com
pact. Oxygen Is considered 1o be the key lactor in
fron biofouling as it s responsible for the growth of
aerobic ron precipitating bacteria and the oxida
tion of soluble ferrous 1o insoluble ferrice fron. Flow
is required for biofilm development and it has been
demonstrated that in certain circumstances, higher
flow velocities will increase the rate of biofilm devel-
opment (Pedersen, 1982; Caldwell, 1986). In addi-
ton, turbulence caused by higher flow velocities
would enhance nutnient uptake (Cullimore, 1956)
and also promote nucleation

Enhanced bilolouling s only one of a number of
Impacts resulting from blological activity. Micro bio-
logically imfluenced corrosion (MIC) can aflect the
well screens, the pump and pipework. MIC Is caused
by vartous micro-organisms including bacterta, fungl
and algae although a group of anacrobic micro-or-
ganisms called sulphate-reducing bacteria (SRB)
have been clted as the most important cause of MIC
(Clocte and Von Holy, 1991).

ﬁg%&)ﬁ:‘ and measuring

One of the greatest problems related to the clogging
of boreholes is related to the monitoring of any clog-
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ging taking place. It appears inevitable that some
form of biofouling will take place in most boreholes
with high itron levels and where oxygen s Intro-
duced into the hole. However. groundwater
chemistry alone will not necessarily reflect the risk
or level of bwfouling, Other factors which can be
monitored to obtain an indication of where the
clogging s taking place, and whether this clogging
Is chemical or biological in nature are discussed
below,

Colour

A clean clear water sample does not necessarily in-
dicate a lack of bacterial growth - if a sample is left
to stand and then develops a cloudiness it is likely
that some bacterial growth exists, Cloudy water (es-
pecially red/vellow or brown/black colouration) is
likely as a result of bacterial growth. Use of laser
particle sizing systems allows one to count the
number of particles and to evaluate the size and
shape of the particles in the water, This may allow
some form of wdentification of the structure of the
particles and a quantification of the amount ol
particulate matter.

Odour

Odours commonly related 1o micro-biological activ-
ity include rotien eggs, carthy/ musty and fishy
smells. The rotten egg smell is associated with
anacrobie conditions, the generation of hydrogen
sulphide and the potential for the corrosion of equip-
ment utilised in the borehole.

Camera detection

The use of down-the-hole cameras provide direct
evidence of the growth of bacteria and the clogging
of well sereens. Under most clreumstances camera
investigations are only appropriate in the latter
phases of blofilm development and also scrve lim-
ited purpose in identifying bacterial types or the
aggressivity of the bacterial growths, Bacterial growth
in a borehole are identified as large nuctod or plate-
like structures attached to the side of the casing
and extending into the water column. A TV camera
only allows identification of problems within the
borehole, as a result, biofouling in the gravel pack
or aquifer cannot be directly observed.

Specific capacity

As a boreholes begins to clog. water has difliculty
entering into the borchole through the clogged aq
uifer and clogged screens. resulting in inefficient flow
and a greater drawdown at constant pumping rates,
It 1s however questionable whether monitoring of
specilic capacity can assist as an carly warning
monitoring activity, since most boreholes have ex-
cess production capacity, Le. they are pumped at a
sustainable rate much lower than the maximum

vield potential of the borehole. As a result a high
amount of deposition can take place before there is
any impact on the efliciency of the borehole and
hence the specific capacity. It is likely that a de
crease in the specilic capacity will take place once
clogging is in an advanced stage. Difficulties related
10 monitoring bactertal growth (because of the at-
tachment - detachment phenomenal necessitates
altermative methods of monitoring the clogging of
boreholes. If a decrease in specific capacity i1s no-
ticed (usually a 15 - 20 decrease Is used as a re-
action level), it is likely that clogging is well advanced
and rehabilitation will be necessary. Cases where
boreholes are being pumped at a fraction of their
capacity (as in the Klein Karoo) any loss in specific
capacity probably indicates that advanced clogging
has taken place. In monitoring specific capacity it is
important that specific capacity is calculated for
equivalent conditions, Le. drawdown must be meas-
ured at exactly the same pumping rate and after
exactly the same amount of time has clapsed since
pumping started.

Bacterial activity

Majority of IRB bacteris are slime formers where the
monitoring of bacterial levels can be exceptionally
difficult because of the attachment - detachment
phenomenon. Should sampling co-inside with the
pertod of detachment it would appear that the bac-
tertal growth is exceptionally high. This needs to be
taken into account when monitoring takes place,
Typical methods of assessing the level of bacterial
activity Include bacternia culture and BARTS tesis
(Biological Activity Reaction Tests),

Aquifer and borehole management

Under ideal conditions an expected life time of 15
to 30 years can be achieved for a properly con-
structed and developed borehole. with a minimum
of maintenance. However, if the chemical compo-
sition of the groundwater 1s such that it causes
corrosion, iIncrustations and clogging of the screen,
casing. riser pipes and pumping equipment, then
the borehole's lifespan can diminish dramatically,
Experience (Gehrels and Altord, 1990) have shown
that there s no one method which can be used as
the described formula to effectively rehabilitate all
clogged boreholes. Onee the blomass Is established,
several treatments may be required to restore
horchole viekds o acceplable levels,

It i1s therefore very important to take into ac
count the chemical composition and blological qual-
ity of the groundwater when a borehole is drilled
for water supply. This will help with the setup of
the borehole and equipment management plan.
Where clogging takes place regular maintenance and
rehabilitation becomes a crucial part of the man-
agement plan. The management plan for any
borehole must include everything related to the
specific borehole from the need, the siting, the drill
ing., the testing, the commissioning, the mainte-
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nance, the rehabilitation and the decommissioning.
Issues that need 1o be considered include :

. employ good drilling practice all the time, es-
pectally cleaning of equipment 1o prevent cross
contamination from effected boreholes;

. use appropriate construction material (steels
screens are not appropriate).

. take care over screen/gravel pack design to en
sure lowest inflow velocities and limited aera-
Lon:

. don’t over-pump relative to borehole design and
aquifer capacity (cascading of water resulting
from water levels dropping below water strikes
must be eliminated).

. don’t allow pumping water levels to fall below
top of screens;

. don’t employ intermittent pumping. rather
pump continuously.

Preventive monitoring and maintenance have been
neglected in routine operation and management of
borcholes. This resulted in problems of drop in
pumped groundwater, borehole efficiency and wa-
ter quality. Although borehole clogging is now a com-
mon, recognised problem, it is sull not routinely
monitored in boreholes. The problem is usually dis-
covered only when the pump performances notice
able deteriorate. The occurrence of a severe micro-
blal infestation within a borehole and in the aguifer
immediately surrounding often goes unrecognised
and undiagnosed. [t has been recognised that there
Is a need to develop a management-response cyele
which would be able to predict. monitor and evalu-
ate the control strategies applied to such infested
installations (Cullimore, 1990).

Well management must include monitoring,
maintenance and rehabilitation. [t must also be In-
tegral parts of an inscparable programme rather
than separate functions;

. monitoring is required 1o show the need for ac-
LIVE MAINIEnance measures;

. maintenance (servicing ol both the pump works
and well structure) is needed o maintain well
performance: and

. rehabilitation is required to repair damaged
pump or well structures.

It is very important that a monitoring program should
also include the monitoring of the water quality. An
Increase In suspended solids, for example, may be
the first indication of the perforation of well screens
as the borehole structure deterforates. Maintenance
of wells is frequently seen as well rehabilitation, but
this Is wrong. Maintenance consist of a program of
routine actions taken to prevent borehole detertora
tlon whille rehabilitation is the action needed (o re-
pair a well that has failed.

The development of iron and manganese scales
is mostly associated with the introduction of oxygen
into the borehole elther causing a chemical precipi-

tation or an increase in blological activity which ac-
centuates the chemical scale development. Most
measures aimed at reducing scale bulld up are as-
soclated with reducing the inflow of oxygenated wa-
ter into the borehole, A number of applications o
achieve this aim are discussed below.

Correct screen emplacement

In a situation where screens are emplaced above
the pump. water can enter the borehole and cas-
cade through the screens to the pump. The pump
should therefore be preferably be installed above the
screen location. In a sitvation where multiple frac-
tures occur in a borehole, especially where the up-
per fractures are comparatively low yielding, it would
be better to seal off the upper [ractures (thus reduc-
ing cascading and oxygenation of the water) and only
screen the lower high vielding lractures. Sereens and
casing should only be installed where necessary in
a borehole drilled into hard rock. The borehole be-
low the depth at which the pump will be instalied
should be left open, thus increasing the flow
efficiencies in the hole.

Abstraction management

Abstraction management should be undertaken in
such a way %0 as to have the least drawdown and
therefore the most efficient flow of water to the
borehole. Boreholes should rather the pumped con-
tinuously at low rates than high pumping rates with
a periodic pumping schedule. Intermittent pump-
ing allows for the mixing of anaerobic iron contain-
ng waters and acrobie surface waters thus devel-
oping a redox front and promoting bacterial growth.

Introduction of anoxic block systems

Inert gasses can be introduced into a borehole to
prevent oxygen from entering the well. By restrict-
Ing the entry of oxygen the amount of acrobic activ-
ity taking place is reduced and plugging s also there-
fore reduced. Normally nitrogen is the Inert gas.
There is however a high cost associated with keep-
Ing a nitrogen anoxic block in a borehole and these
blocks are normally utilised in vitally important pro-
duction boreholes with severe plugging problems,

In situ chlorination

The South Australia Water Corporation (Forward,
1996) use In sita generation of chlorine by electroly-
sis of the groundwaler being pumped. to control
bacterially accentuated clogging. Chlorinator elec-
trodes are placed In a section of the water supply
line and energised during a dailly one hour period of
non pumping. The clectrolysis produces 3.4 mg e
free chlorine from the brack water (12 000 mg/ ¢
chloride). The chlorinated water is allowed to back-
flush down the borehole providing effective daily
sanitation of the pump, screens and adjacent agui-
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fer. However, low chloride levels In groundwater will
Hmit the application of this treatment method,

In situ iron precipitation

Biolouling tends to be worst in the reduction - oxi
dation fringe within a borehole, where oxygen rich
waters enters the borehole. Under suitable conds-
thons it may be possible to extend the position of the
oxidation zone into the aguifer by the direct injec
tion of acrated water to specially placed recharge
boreholes. The oxygenated water injected mixes with
the groundwater in the aquifer, activating bacteria
which result in the precipitation of unwanted fron
and manganese at a distance away from the bore
hole. This has the potential of reducing the iron ley-
els in the groundwater reaching the borehole and
therefore decreasing the potential for clogging in the
production borehole. This technique has been pat
ented under the name of the Vyredox method.

Monitoring

Any monitoring procedure has to rely upon evidence
relating to the particles shearing from the biofilm
during pumping. along with the releases ol any in-
organic of organic product which can be linked to
the clogging. The types of bacteria found during the
monitoring will indicate the probable form of the clog
ging. For example, very high populations ol IRBs
would indicate that a severe clogging is occurring
with the bioaccumulation of fron and /or manganese,
The presence of large populations of SRBs would
indicate that the clogging is anacrobic, sulphate is
present in significant concentration and that hydro-
gen sulphide is being produced which could stimu
late electro-chemical corrosion.

Success of remediation reatment, such as
disinfections, acids, wetting agents, application of
heat, et applied to clogged borcholes can be based
on an evaluation of the amount of particulate mat-
ter removed and the incumbency of different micro-
bilal groups. Subsequent monitoring of the boreholes
on a routine basis (e.g. monthly) can then be used
to determine the speed with which the biofouling is
recurring within the well (Cullimore, 1990),

PART II : BOREHOLE CLOGGING IN
TMG AQUIFERS

Occurrence in TMG

Clogging of boreholes is found throughout the area
overlain by TMG rocks. Problems have been encoun-
tered in the following aquiler:

. St Francis Bay (Cohen and Wood, 2001)
. Steytlerville (Jolly and Welman, 1999)
. Plettenberg Bay (Jolly, 1998a)

Waboomskraal, inland of George (Miller, 2000).
Calitzdorp (Jolly, 1998b)

Cape Agulhus (Toens and Assoctates, 1991)
Arabella, Kleinmond (Parsons and Assoclates,
2000).

. Clovelly Country Club, Cape Town (Maclear.
2000).

No known problems exist up the West Coast - this
may only be because there are no “public”™ abstrac-
tion schemes, only private abstraction, thus no data
Is avallable. Alternatively. the TMG may be litho-
logically different (1e more arenaceous) along the West
Coast. At this stage insufficient data exists for a
meaningfull assessment.

Horcholes in the Nardouw Subgroup rocks do,
however, have a greater clogging problem than the
Peninsula Formation rocks. Further, Nardouw Sub-
group rocks in close proximity to Bokkeveld Group
shales appear 1o be the worst situation, probably as
a result of inflow of poor quality water from the
Hokkeveld during abstraction. Chemical analysis of
the sediments formed In some of the boreholes in
the Klein Karoo Rural Water Supply Scheme
(KKRWSS). showed the precipitate 1o consist of Fe,
C and O, Carbon is an important nutrient. which
together with oxygen “feeds” the biofouling. The
shales of the Bokkeveld Group and the more
argillaceous units of the Nardouw Fm are sources
of this carbon.

Iron concentrations in TMG waters

Iron concentrations in groundwater from TMG Aq-
ulfers are generally high (>0.2 mg/ 0. The tron ap-
prars 1o be related to pyrite in the sediments - py-
rite levels being higher in more argillaceous
scediments. Pyrite develops when the sediments were
formed. In reducing. anaerobic environments, iron
and sulphur are abundant and pyrite develops, es-
pecially if organic rich conditions exist

Iron concentrations in groundwater from the
Peninsula Formation aquifers are lower (<01 mg /()
than the Nardouw Subgroup groundwater (2 - 20

Table 1

Iron concentration in different groundwaters
Area Geology Av. Fe levels (mg/)
Hex Valley Nardouw 02-48
Abernna Nardouw &-n
Calitzdorp Nardouw 1-3
Vermaaks Rwver Peninsula 0.1
Steytiervile Nardouw 2-3
Arabela Go¥ Course | Nardouw 2
Pletienberg Bay Poninsula 03-24
Dysselsdorp Nardouw 2-8
Rocbery Nadouw | 0215 (dssolved)

5-33 (rotal)
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mg/f). Typical iron levels In different wellfields are
listed in Table 1. The sampling technique greatly
influences the tron levels measured - total iron con-
centrations are far greater than dissolved (ron lev-
els. In many of the iron problem boreholes the wa
ter is a characteristic orange - red colour, with very
high total iron levels (> 20 mg/{) - the worst case
being a borehole at Albertinia with a total Fe con-
centration of 169 mg /L.

Effects of biofouling

The onset of blofouling in a borehole Is often first
announced by a change in colour of the water ab
stracted, Colour changes to a characteristic orange
- brown colour, often accompanied by a hydrogen
sulphide odour. As clogging worsens, there Is an
increase In the pumping drawdown. If this is not
monitored, it would not be possible o assess the
advancement of clogging. The pumping drawdown
in borehole DL17 at Calitzdorp (KKRWSS) increased
from 13 - 62 m over 6 months, while the static wa-
ter level remained constant. In advanced cases of
clogging, inflow into the hole or to the pump s re-
duced and the borehole yield drops. This occurred
at Steytlerville, during a period when the monitor-
ing of water levels was not undertaken.

Changes in quality as a result of blofouling are
unpredictable. lron concentrations vary consider
able, depending on the stage of biofilm development,
High variability in Fe levels from monthly samples
collected (2 - 8 mg/t at DL17) I1s typical. Generally,
the iron levels increase. A borehole at Albertinia ISDR
hole) has a pH of 5.9 and an fron level of 11.5 mg/¢
when drilled - after 2 years of use the pH had
dropped to 3.3 and the Fe Increased to 69 mg/ o
There appears to be no clear relationship between
pH and quality, although some holes have shown a
dramatic increase in electrical conductivity (EC) and
Fe levels as the pH drops (see Fig 3).

19960530
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In holes with & low pH and where sulphate re-
ducing bacteria exist, cathodic reactions take place
resulting in the corrosion of pumps. In some cases
only high quality stainless steel pumps last more
than a few months.

Rehabilitation carried out and
results

Rehabilitation of clogged boreholes or pumps is not
common place. A few boreholes in the KKRWSS have
been rehabilitated by the Department of Water Af-
fairs and Forestry (DWAF) and by More Water, while
borcholes at St Francis Bay and a number of pri-
viate boreholes have been rehabilitated by Pumpeor,
The DWAF /More Water treatment ook place using
the Blended Chemical Heat Treatment (BCHT) proe-
ess, while Pumcor utilise a similar, but less sophis-
ticated methodology without the application of heal.
The acid utilised during the precipitate treatment is
sulphamic ackd, while swimming pool chlorine (cal-
cium hydrochlorite) or sodium hypochlorite is used
for sanitation of the bacteria

The success of the treatment s variable and not
well documented, however step tests undertaken
after rehabilitation invartable show better elliciencies
than before treatment.

Conclusions

High ron concentrations in groundwater in TMG
rocks, espectally in the Nardouw Subgroup rocks,
together with oxygenation of the water as a result of
over-abstraction. can cause biofouling of borcholes.,
The resultant decrease in borehole efficiency . in
crease in drawdown and decrease in vield, can re-
sult In & claim that boreholes have “dried up”™ An
understanding of the causes of clogging are impor-
tant if aquifer management in the TMG s to address
clogging Issues. Management and borehole design
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have to alm at minimising acration in the borehole,
thus reducing the risk of clogging.
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The Use of Geochemistry and Isotopes in
Resource Evaluation:
A Case Study From the Agter-Witzenberg Valley

LC Caveé'*, JMC Weaver' and AS Talma*
! Groundwater Group, Environmentek, CSIR. PO Box 320, Stellentbosch 7599, South Africa
f QUADRLU, Enidronmeruek, CSIR, PO Box 395, Pretoria 0001, South Africa

Abstract

Geochemistry and (solopes were used (o trace groundwater recharge and flow pattems in the
Table Mountain Group (TMG) and Bokkeveld Group (BVG) aquifers of the Agter Witzenberg valley.
There is evidence that mixing occurs betweeen shallow grounduwater and water that has travelled
through deeper regions of the TMG Aquifer. Isotope data shows groundwater recharge both by
radrtfall in the mountain zone and by surface drainage systems in the valiey. A conceptual floa
model has been developed. based on which a method of aguifer management s advocated that
exploits medium seated groundivater flowe in the TMG.

Introduction

Isotopic and hydrochemical information can provide
a practical management tool for groundwater re
sources. Patterns in chemistry and isotope data are
useful for fingerprinting water sources and lor trac-
ing Mow and mixing processes in the subsurface.

Walter chemistry and isotope data were collected
from a network of rainfall collectors, streams and
boreholes at a rescarch site in the Agter Witzenberg
valley over a three-year pertod lor use in evaluation
of the groundwater resource. The valley was chosen
as a test site for appraising the application of
geochemical technigues in the fractured hard rock
aquifers of the TMG, with emphasis on the estima-
tion of recharge characteristics, flow patterns and
ground water residence times (Weaver et al.. 1999),
It was ideally suited for this purpose. being a closed
synclinal basin with simple geology and a minimum
of major faulting or cultural interference, which could
complicate the interpretation of hydrochemical data
(Pletersen et al., 1995),

Site description

The Agter-Witzenberg valley, near the town of Ceres
in the Western Cape Province, South Alnica, con
sists of a north-south trending basing, covering an
area of approximately 245 km“. It is surrounded by
the Witzenberg and Skurweberg mountains of TMG

* To whon all corresprondence shonld be addressed
W(02]) 888 2503 fax: (021) 8582682

emall. Loaveloslz cogn

sandstone, which form part of the Cederberg range
of the Cape Fold Belt. The valley floor s covered by
more casily-croded shales of the BVG. Elevation var
s from 1 884 m above sea level at Snecugat peak
1o 880 m above sea level at the valley floor,

The arca falls within a winter rainfall reglon with
mean annual precipitation and evaporation in the
order of 8590 and | 650 mm respectively. Surface
drainage is diverted northwards and southwards by
a topographic mound within the valley,

Metasediments of the Malmesbury Group form
the bedrock in the study area (De Beer, 1989). These
are overlain by the Peninsula, Pakhuis and Cedar-
berg Formations of the TMG, which are not exposed
within the research site. The overlying Nardouw for-
mation forms a 30 to 1 100 m westward thickening
wedge of quartz arenites that outcrops as the moun-
tain peaks. Younger mudrock, siltstone and sand-
stone units of the Ceres Subgroup of the BVG form
the Agter Witzenberg valley floos

Groundwater utilisation

Both the Hokkeveld and Table Mountain Groups
have the capacity to yield significant amounts of
waler, but the relative abundance of the groundwater
resource s reglonally variable. In the Agter Witzen
berg valley, the semi-uncontined aquifer is control
led by the lithology. stratigraphy. synclinal struc
ture and fracturing of the geologic formations
(Pletersen, 1994).

Deciduous frult crops are produced in the valley
and most of the groundwater abstracted s used for
irrigation, particularly during the dry summer
months. The majority of the irmgation boreholes are
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Position of ranfall, stream and grouncwarter samping ponts in the Agter-Witzenberg vallsy

located within the BVG, but some water is also
drawn from springs at the foot of the mountains,
The total volume of groundwater used by the farmers
15 unknown. but the abstraction Is sufficient to
cause significant drawdown of the water table,
causing many of the irrigation boreholes 1o dry up
over the summer season. The application of the new
Water Act should allow the quantification of
groundwater use in future vears

Research methods

Rainfall and water level measurements were taken
and water samples collected along a transect across
the castern side of the valley (Fig. 1) The monitor-
ing network was designed (o collect data on the
groundwater levels and hyvdrochemical and isotope
changes along a flow path from the recharge zone in
the TMG sandstones to the discharge point in the
BVG shales of the valley.

The Department of Water Allairs and Forestry
installed automatic chart recorders at boreholes 36
and 37 to collect a continuous record of ramnfall and
groundwater levels at these two points. Rainwater
wiars collected using live pairs of cumulative rainfall
collectors (A-J). The collectors, designed by the CSIR
to minimise evaporative losses, accumulate a sam
ple of the rainwater, and therefore of the recharge
water chemistry, for an entire year, They were
erected in the valley in May 1995 and emptied in
May 1996 alter a water sample had been collected
and the total volume of rainwater recorded.

Surface water samples were collected at three
sampling statons on streams draining the valley to
the north, south and east.

Six rescarch boreholes were drilled for the
project and constructed with uPVC casing and
screens, which would not interfere with chemical
measurements, Three borcholes were drilled in the
TMG (36, 37 and 37A) and two in the BVG (38, 38A),
Borehole 39 was drilled through the BVG/TMG
contact at 124 m into the underlying Nardouw
sandstones to a total depth of 171 m. The BVG units
were then cased off and sealed with a bentonite
plug. Boreholes 36 (21 m). 38 (17 m) and 37A (21 m)
were drilled only to the first water strike. Two deep
borcholes, 37 (109 m) and 38A (181 m) were left
uncased. Water levels and groundwater samples
were collected from these boreholes, where possible
at two-month intervals, Because of seasonal fluc-
tuations in the water table, borchole 38 was
frequently dry. A natural spring at the base of the
mountains was also included in the groundwater
network, Detalls concerning sampling and analytical
methods, analvtical accuracy and data handling have
been described elsewhere by Weaver et al. (1999),

Discussion of results
Water levels

Groundwater levels in the mountain recharge area
(borehole 36) show little or no Influence of the ab
straction In the valley and fluctuate by only 2.2 m
on a seasonal basis. Data from the continuous chart
recorder at borehole 36 showed that the discharge
slope of approximately 8x10 " m/d is shallower than
the recharge slope of 0.02 m/d. Peak water levels
occur in August/September after the wet winter
season and troughs In late summer (February/
March),
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The seasonal pattern is repeated for 890
the groundwater levels in the valley, but
with increasing amplitude for the ‘
boreholes closer 10 the fanmers’ absirac-
tion points (Fig. 2). Water levels for
boreholes 37 and 37A in the TMG oscil-
late by approximately 5 m on a scasonal
busis. These boreholes sample the same
semi-unconfined aguifer and the stoi-
larity in their water levels demonstrates
the hydraulic continuity between the
deeper and shallower regions of the aqg-
ulfer at this point.

The most striking variations in wa-
ter level occur in the boreholes drilled
in the BVG rocks, which drop over 30
m in summer, and yet are almost fully
recovered after the next winter scason,
These dramatic changes in water level
are due to the proximity of the pump-
ing boreholes on the farms to the west
of the research area and higher trans-
missivities in the BVG compared with
the TMG. Farmers in the valley have
observed water level fluctuations of over
B0 m per annum (R, Fell, farmer, pers.
comm. ).

Geochemistry of groundwater

Major on chemistry provides a useful
tracer of groundwater flow and mixing
processes in the Agrer-Witzenberg Val-
ley. partly because the contrasting
lthologies of the TMG and BVG impart
different chemical signatures to the
groundwater.

Figure 3 shows the influence of min-
cralogy on solute compositions in the
TMG and BVG. A general increase in Ca
and Mg concentrations is observed
along the direction of flow, but the
change from boreholes 36 to 37 and 37A
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mn the TMG is not accompanied by an g . Mg vs. akandy for groundwater samples from e Agter-Witzenberg boreholes

equivalent increase in total alkalinity as

seen in the BVG borcholes. This s be-

cause of the low carbonate mineral content in the
TMG rocks. Instead, Ca and Mg are more likely o
originate from the slower process of silicate mineral
weathering This 1s confirmed by the constancy of
UC i the aquifer, Total alkalinity increases sharply
once the groundwater enters the BVG rocks (bore-
holes 38 and 38A) where reactive carbonate miner
als are present.

A molar rato of Na/Cl just less than one Is typl
cal of & manne signature, probably derived from rain-
fall recharge to the mountain groundwater. Soluble
NaCl salts, particularly in the BVG shales, are added
to the groundwater along the flow path, increasing
the concentrations of Na® and CI, but maintaining a
1:1 molar ratio between these wons, Silicate mineral
weathering may add Na, but not Cl, to the ground-

waters and so would tend to elevate the Na/ Cl ratio.
There is a slow increase in pH along the flow path in
the TMG (boreholes 36, 37, 37A), which becomes
much more rapid in the BVG (borcholes 38, 38A)
(Fig. 4).

Data for borchole 39 are anomalous in Fig. 3 and
Fig 4. having a deficiency of Ca and Mg in compari
son with alkalinity and excess Na over Cl accompa-
nied by an increase in pH. lon exchange processes
on the surfaces of clay minerals along the BVG/TMG
contact zone could result in the increased Na and
removal of Ca and Mg from solution. The Na/Cl ra-
tio. therefore provides a useful tracer for the TMG/
BVG contact zone In the Agter-Witzenberg Valley.

Sulphate is another tracer that is added to the
groundwater as it moves lrom the recharge o the
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discharge zone. [t accumulates by
the dissolution of sulphate miner-
als such as gyvpsum or the oxida-
tion of trace sulphide minerals along
the flow path (Fig. 5).

Minimal SO " Is present in the
TMG boreholes (36, 37, 37A), prob-
ably due to a lack of sulphur-bear-
ing minerals in the rock. Being an
anlon, SO 7 s unaffected by cation
exchange and so SO in borehole
39 follows the general evolution pat-
tern of the other boreholes.

Isotopes in groundwater

Graphs of 80 vs. chloride are very
useful in tracing the recharge path-
ways in the Agter-Witzenberg valley
(Fig. 6). Borehole 36 and the spring
at the foot of the mountain have low
80, similar to the rainwater, and
low chloride. The groundwater in
this region of the study area is
directly recharged by rainfall.
Groundwater in the valley has a
higher §"0, and the samples col-
lected from 37 and 37A have the
same isotope signature as the sur-
face water streams. These boreholes
are recharged by surface water that
has undergone some evaporation
before infiltration.

Boreholes 38 and 38A are at a
greater distance from the stream
and show a lower §'"0, with still fur-
ther increase in chloride, due to the
higher leachable chloride content of
the BVG shales. The isotope data for
boreholes 38, 38A and 39 suggests
that some mixing of unevaporated
groundwater from the TMG with
surface water may have occurred,

Radioactive isotopes give further
evidence for the flow patterns in the
study area. Relative ages from tri-
tium and '*C isotope data show in
creasing age of the water from the
TMG boreholes in the mountains to
the BVG boreholes in the valley (Fig.
7). The presence of tritium indicates
that at least & component of the
groundwater is young i.e. post 1952,
Absolute age dating with *C s sim-
plified since no addition of “old car-
bon” (with "'C = 0) by dissolution of
carbonate minerals occurs, Tritium
data for two deep boreholes, 37 and
39, suggest some contribution of
older water from the deeper part of
the aquifer.
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Recent analyvses of dissolved chlorofluorocarbons
(Talma et al.. 2000) have supported the concept that
the boreholes all contain mixtures of young and old
water and enabled the fraction of old water (> 8 000
years) 1o bhe established (Table 1)

Conceptual groundwater flow model

Water chemistry, isotopes and water level observa-
tions corroborate a scasonally variable model of
groundwater flow in the TMG Aquifer of the Agter
Witzenberg valley, which includes both mixing of
different water types and hvdraulic connectivity be-
tween the shallow groundwater and a deeper Mlow
component (Fig. 8)

During winter most of the recharge takes place
in the mountain zone. Rainfall infiltrates into the
fractured TMG quartzites before evaporation takes
place and recharges the aquifer,
clevating the groundwater levels.

The spring and mountain bore- 140
hole (36) share the §°0 ratio sig

anomalous water composition found in borehole 39
The lowering of the water table also induces recharge
of evaporated surface water from the perennial
stream. giving the groundwater at borehole 37 the
same isotope signature as the surface water streams

Very rapid vertical mixing of groundwater occurs
in the TMG quarizites in the valley. This Is evident
from the similarity of the chemical and isotope prop-
crties ol the shallow (37A) and deep (37) TMG
boreholes. Extensive jon exchange, such as in
borehole 39, could be a useful geochemical marker
for the BVG/TMG contact zone,

Conclusions and implications for
groundwater management

The groundwater research project in the Agter-
Witzenberg valley has shown that geochemical and

35

nature of the rainwater, The agui- 120 % r3

fer fills up at this stage and excess - T |
groundwater seeps out as springs 100 . Y 25 __
along the sides of the mountain. Re g E \ g
charge in the valley is minimal and & 80 - ) -2
surface runofl predominates. & ‘\_\

In the summer months. there 1s § of 80 f " \ pr [ 15 5
Htthe rainfall recharge and the natu O \/// - : -
ral water levels in the mountain g g 40 \ I
arca slowly decline. The abstraction \ » . e
of large volumes of water in the val- 20 P '“n,_ ¢ i ' 05
ley causes a dramatic drop in the N
piezometric surface. The steep hy- 0+ . - Y
draulic gradient from the mountain 36 37 37A 39 38A
to the valley accelerates the move-
ment of groundwater from the TMG
across the contact zone Into the s Carbon-14 & CFC-12 — 4 CFC-113 o Tritlum
BVG, resulting in mixing of ground
waters of dillerent water chemistry.

Older, deep groundwater Is fed up Figure 7
the contact zone (which has a high Racvoactve isotopes and CFCs in grounawarer samples colected from Agler-
hydraulic conductivity) and mixes Witzanberg. These alow rel@tve ages of walers 0 be petamned
with shallower water to produce the
“C, tritium and CFC data from UI“ ' valley (Weaver and
Talma, 1999). CFC data are as fractions of the maximum
values, in pmf (percent modern freon). calculations are
by Talma et al.
Bh “C Trithum CFC-1n CFC-12 CFC-113 | Old water
pme (20.5) | TU (20.3) pmf pmt pm! fraction
» 1m-1s 28 17:37 2238 2549 0
Kl 102-106 18 18-22 3% 118 40%
J7A 100-104 18 1822 2629 14-24 38%
» 2353 0.4 06 1-10 0 805
34A 54-72 12 67 12-13 - 12%
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Winter stream
runoff
Summer stream
recharge

Winter raunfall recharge

Legend: @mmm Groundwater flow direction <> Zome of mixing

Figure 8§
Conceptual mode! of grouncwater flow and mixing pattems in the Agter-Witzanberg Valey

isotope tools may be applied with confidence for
tracing flow patterns in TMG Aquifers. The TMG
quartzites are recognised as one of the major aquifer
systems in South Africa due to their large area, ex-
tensive fracturing and highly competent nature,
which results in fractures remaining open at depth.

One of the obstacles to large-scale development
of the TMG Aquifers is quantificaton of the avail
able groundwater resource. There 1s abundant evi-
dence of shallow groundwater in the TMG and high-
yielding hot water springs are prool that deep-seated
flow occurs (Weaver and Talma, 2000), but thus far,
strong evidence for medium-seated flow has been
lacking.

In this study it was found that the deep TMG
borehole (39) exhibits a number of chemical and 1so-
topic signatures which Indicate that it intersects
groundwater from deeper levels in the aquifer than
the shallower TMG borcholes (37, 37A) or the BVG
boreholes (38, 38A). Chloride and & "0 show that
the decp water 1s a mixture of unevaporated water
from the mountain and the more evaporated re-
charge in the valley. Tritium and “*C show that the
deep TMG borehole taps much older water than its
shallow mountain and valley water end members.
The interpretation is that a large portion of the re-
charge from the mountains circulates through the
deeper reglons of the aquifer before mixing with shal-
lower recharge water from the valley. Both the chem-
istry and isotopes support the existence of this me-
dium-seated flow.

Evidence that medium seated groundwalter flow
does occur makes avatlable water-resources that
could not previously be relied on. This suggests that
a successful method of aquifer management may
be to "over-exploit® the aquifer in summer. tapping
the medium-seated groundwater fllow and lowering
the water table up to many tens of, if not a hundred,
metres. This will create storage space for the agui-
fer to fill up over the next winter rainfall scason when
there is excess recharge.

Such a method s already in practice by the Agter-
Witzenberg farmers who draw the water table down
many tens of metres by pumping groundwater for
summer irrigation. Water levels then recover over
the following winter recharge season. Mountain
springs and the borehole at high elevation also ap-
pear 1o be largely unaffected by the heavy pumping.

Detalled monitoring of the long-term impact of
heavy abstracton from TMG Aquifers 1s needed at
a study site such as Agter-Witzenberg. A study of
this nature could provide valuable information
needed to quantify the impact of such practices on
the groundwater resource and the aguifer itself. If
a comprehensive, multi-disciplinary study can show
that these management practices have a negligible
impact on the groundwater resource, it is quite con-
cetvable that dramatic lowering of the water table
in TMG Aquifers, even by over one hundred metres
or more, could be allowed.
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Development of Groundwater Resources for the
Arabella Country Estate

R Parsons
Parsons & Associates Specialist Groundwater Consultants, PO Box 2606, Somerset West 7129,
South Afrea

Abstract

A groundater exploration programme was carried out to develop a sustainable water suppiy
for Arabella Country Estate. This entalied acrial photograph interpretation, geological mapping.,
a resistivity survey and test pumping. Five boreholes were drilled into quartzites and sandstones
of the Nardouwr Subgroup aquifer north-west of a major fault. Following testing, the boreholes
were brought nio production in September 1998 and used 10 supply water for irmigating a new
18 hole golf course. Monitored groundwater levels are deeper than predicted while high Fe
concentrations require Fe removal before reticutation. In spite of these limitations, sufficient
groundwater resources exist to meet the demand of the Estate. However., this is dependent on the
scientific management of the production boreholes, implementation of ¢ffective brigation demand
management and appropriate long-term monttoring of groundweater levels, Fe concentration and
abstraction. Fallure to do so will require the more expensive option of hamessing winter run-off be

implernented.

Introduction

Arabella Country Estate is located about 100 km
cast of Cape Town and some 15 km east of the town
of Kleinmond. Because of the proximity of the Es-
tate to a major geological fault, groundwater was
proposed as a source of water for the hotel, residen:
tial erven and 18 hole goll course. A groundwater
exploration programme was initiated 10 establish a
1.2 Mt/ d supply of water for the Estate. This en
talled aertal photograph interpretation, geological
mapping. a geophysical survey, drilling and test
pumping. Once abstraction commenced in Septem-
ber 1998, some monitoring was implemented, This
paper describes work carried out and the response
of the aguifer 1o abstraction.

Setting

Arabella Country Estate is located on a south-east
facing slope adjacent to the Bot River lagoon. The
Estate straddles the western fault of a typical horst
and garben structure that resulted in development
of the north-south trending Bot River Valley. The
fault extends some 40 km north-castwards and s
the same structure targeted by Weaver (1989) when
developing groundwater supplies for the town of
Botriver.

The upthrown north-western part of the faull
comprises quartzites and sandstones of the Nardouw

021 855-2480; fax (021) 8552363
E-matl: rparsensd iqfrica.com

Figure 1
Localty map of Arabella Country Estate

Subgroup of the Table Mountain Group (ITMG) while
the downthrown south-eastern component com
prises weathered shales of the Bokkeveld Group (De
Beer. 2001). Prevailing geology resulted in rugged
topography and relatively steep slopes north-west
of the fault. Flatter slopes prevail south-cast of the
Fault as a result of the shale being less resistant to
weathering. Most of the Estate development has
taken place on the lower lying part of the property
underlain by shale.

The highly weathered nature and pereetved poor
water-bearing properties of the shale resulted in the
quartzites and sandstones north-west of the fault
being targeted for exploration. As the target area was
upgradient of the development, development posed
little threat o aguifer system.
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Exploration

Distinet geological differences on either side of the
Lault result in the position of the Laualt being readily
determined from aerial photographs (topography)
and field mapping (brown clayey soils as opposed to
white sandy solls). Resistivity profiling (Wenner ar
ray) and vertical electrical soundings (Schlumberger
array) were also carried out 10 ald optimal siting of
initial exploration boreholes (Parsons, 1996) Be-
cause of distinet differences in the resitivity proper
ties of quartzite and weathered shale, the geophysi-
cal survey allowed for the subsurface position of the
fault and its dip to be accurately determined
(Fig. 2).

Two exploration boreholes were drilled in March
1997 on the north-western side of the fault to vali-
date results of the geophysical survey and assess
the water-bearing potential of the fractured TMG
rocks (Fig. 3). LL-BH! and LL BH2 were drilled 1o
depths of 56 m and 82 m respectively and had blow
yields of 3.7 /s and 11.0 ¢/s (Table 1). Excessive
well losses during pumping because of borehole
construction prevented interpretation of both step-
drawdown and constant yiekld tests (Parsons, 1997),
However. the tests did confirm groundwater could
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Borahole postions af Arabeda
Country Estate

be used as a source of walter for the development.
Though clectrical conductivity (EC) was in the order
of 20 mS/m the groundwater had a low pH and high
Fe and Mn concentrations.

Based on the results of exploration. two produc
tion boreholes were drilled adjacent to the fault in
February 1998 (Parsons, 1998), LL BH3 was drilled
14 m cast of LL-BH2 as it was planned LL-BH2 would
only be used as a standby (Fig. 3). LL-BH4 was drilled
a further 300 m eastwards (o reduce interference
between the production boreholes. PVC screens were
mnstalled from about 20 m below surface to the bot-
tom of the borehole, The 165 mm inner diameter
screens had 2 mm slots with an estimated percent-
age opening of 12.5%. The annulus was backfilled
with 10 mm crushed gravel. After performing step
drawdown test on both boreholes, a 72 h constant
rate test was performed on LL-BH3. The borehole
was tested at a rate of 22,5 ¢/s. This resulted In a
maximum drawdown of 32.09 m in the pumped
borehole and drawdowns of 15.28 m and 4.92 m in
LL-BIH 1 and LL-BHA respectively. Groundwater qual-
ity remained relatively constant throughout the test.

Recognising the difficulty of interpreting pump
ing test data from fractured rock environments,
transmissivity (T) and storativity (S) were interpreted
to be in the order of 30 m*/d and 0.0002 respec
tively. Though S remained relatively constant (Table 1),
T ranged between 58 m* d and 320 m?/d. This range
Is typical for the given geohydrological regime. Us-
ing conventional interpretation technigues (Kruse-
man and De Ridder, 1994), recommended simulta-
neous abstraction rates of 14.5 0s and 16,08/ s were
determined (Table 1) To avold iron precipitation, it
was recommended boreholes be pumped at a low
rate with a short period being allowed for recovery.
A pumping regime of I8 h/d for no longer than 60
days, thercfore. was proposed. It was further rec-
ommended monitoring of abstraction and aguifer
response be instituted as a means of validating the
above estimates.

Abstraction

Formal abstraction from LL-BH3
started In September 1998 (Par-
sons, 1999 A continuous water
level monttoring device was in-
stalled in LL-BHI soon alter ab-
straction commenced. In spite of a
number of teething problems and
difficulties in measuring ground
water levels in production bore
holes, a relatively good record of
groundwater levels (Fig. 4) and
abstraction has been collected.

Al present. almost all abstrac-
tion takes place between October
and April and is used for irrigat-
ing the newly established 18 hole
golf course. Peak demand occurs
during the hot dry months of De

LL-B4
e

—
el
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Table 1
Data from the five boreholes drilled at Arabella Country Estate
Parameter LL-BH1 LL-BH2 LL-BM3 LL-BH4 LL-BHS
Depth (m) 56 82 S 103 142
Blow-yield (0s) 37 1.0 +25 25 100
Statc water level (mic) 0.3 ant 413 an. ?
EC (mSm) 18 18 19 21 18
p 57 6.1 65 60 63
Feimg) 87 88 0e 155 127
Constant dscharge test rate (05) step 75 25 sted -
Recommended rate ~ individual (Us) 38 75 25 190 .
Recommendad rate - simultaneous (0s) 145 16.0
T (m%a) 4] 320 68 143
S 0.0005 0.0002 0.0003 0.0001
Status observalion standby production production production
Current rate (Us) 21 90 "0 B4
Current summer abstracton (m') (Oct - May) . 2000 68 000 125 000 57 000
Water level - wanter hagh (mbc) 25 20 20 18 ?
Water level = summer low (mibc) 55 47 47 45 B
EC (mSm) . . 25 n 47
pH - - 63 589 7"
Fe (mg . . 16 24 24

cember and January. As a
result of very dry condi-
tions experienced in De
cember 1999 and poor wa-
ter demand management
on the Estate, a third pro
duction borehole (LL-T3HS)
was established (Fig. 3,
Table 1). This borehole
was immediately brought
into production and has

not been tested. The vol po

ume of groundwater ab O r O 98
stracted from each produc

tion borehole is presented

in Table 1.

et

The groundwater supply scheme has not been man
aged nor monitored, as it should be. Initlally, moni-
toring was hampered by pump installation prevent-
ing groundwater levels being measured. Further.
abstraction volumes and rates were only measured
on an ad hoc basis. In spite of this, a relatively good
record of the response of the aquifer to abstraction
has been developed.

Drawdowns resulting from summer abstraction
and recovery Induced by recharge and switching off
the pumps in winter are evident in Fig. 4. During
summer, groundwater levels ranged between 45 m
and 55 m below surface. In winter, water levels rise
to about 20 m below surface, but not to pre-pump-

Ot 2000

Ot 3000

— Y - u.w-.—um]

Figure 4
Monstored grouncwalter levels

Ing artesian conditions. A later start 1o the rmga-
ton season in late 2000 resulied in better recovery
of groundwater levels than the previous year. As the
level of recovery is governed by the duration of non
abstraction. development of a dam to catch winter
run-off and the conjunctive use thereof has merit.
Water In the dam Is 1o be used for early season irri-
gation and thereby delay the start of groundwater
abstraction by about a month. This conjunctive ap-
proach to water resource management on the Es-
tate will allow better recovery during late winter and
spring.

From the outset, very high Fe concentrations were
recorded in all boreholes. A harmonic mean of al-
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most 11 mg/ ¢ was determined using concentrations
from initial samples collected from each borehole.
This, unfortunately. appears to be a characteristic
of Nardouw Subgroup aguifers, particularly when
Juxtaposed to shale of either the Cedarberg Forma-
tion or Bokkeveld Group, Though abstracted ground
water passes through a Fe removal plant belore re-
ticulation, no effort has been made 1o manage the
boreholes so Fe concentrations are kept as low as
possible.

Once-off sampling durning late winter 2000 indi
cated a dramatic increase in Fe concentrations, A
drop in pH and nses in EC and SO4 levels accom
panied this (Parsons, 2000). [t was hence decided
to investigate the state of the pump and Investigate
whether iron clogging was reducing borehole efli-
cliency. On removing the pump from LL BH3 after
two vears of abstraction, no evidence of corrosion or
ron deposits were found (Parsons, 2000). Further,

treatment of the borehole using sulfamic acsd and
flushing had no effect on borehole performance,

Follow-up monitoring during the summer of 2001
indicated a rapid decline in EC. Fe and SO concen-
trations with pH remaining relatively constant
(Fig. 5). Monitored data are insufficient to develop a
comprehensive understanding of the patterns and
mechanisms driving the water guality fluctuations,
However. 1t appears oxidation of pyrite results in
acid rock drainage (ARD).

Relatively high concentrations of pyrite and other
sulphide minerals in shale hortzons in the TMG and
adjacent Bokkeveld Group coupled Lo secondary en
richment of pyrite in fault and breccla zones pro-
vide an adequate source of sulphide minerals, In
troduction of oxygen into the subsurface by lower-
ing the plezometric surface during the summer ab-
straction period and/or during abstraction trigger
the oxidation process. However, a trend s apparent
that Fe and SO, concentrations are highest after the
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winter recharge period (Fig. 5). Concentrations de-
cline rapidly with summer abstraction, but then
appear o start 1o Increase as soon as abstraction is
reduced.

It 1s also interesting that pH drops to 4 for a short
period toward the end of winter and before increas-
ing to an ambient level of about 6 (Fig. 5). This, to-
gether with other chemical trends, need to be moni-
tored so a better understanding of the geochemistry
of the system can be developed. It s nonetheless
clear that high Fe concentrations could place a re-
striction on the use of groundwater from the
Nardouw Subgroup aquifer system.

Discussion

At present, groundwater abstraction is governed by
irrigation water demand for the golf course. No wa-
ter demand management Is practiced, resulting in
excessive yrigation and unnecessary abstraction
from the borehwles. During the early stages of ab-
straction, both LL-BH2 and LL-BH3 were pumped
simultancously. As the boreholes are only 14 m
apart, this resulted In excessive drawdowns and
inefficient pumping. Since LL-BHS was established
In December 1999, most pumping takes place from
LL-BH4 and LL-BH5 with little abstraction from LL-
BH3. To date, no effort has been made to manage
the wellfield so abstraction is as widespread as pos-
sible and at the lowest rates possible.

Monitoring of abstraction has shown groundwalter
is capable of meeting current demand. However. high
Fe concentrations and the lack of management and
ongoing monitoring are ol concern. It s proposed
the rate of abstraction from each borehole be re
duced to 6 ¢/s and a continuous pumping regime
during summer be implemented. Conjunctive use
of surface water during the early part of the irriga-
tion season should be encouraged to allow the aqui-
fer system a longer rest pertod after winter recharge.

Regular monitoring and data interpretation is
essential if the response of the aquifer to abstrac-
tion is to be understood. Because of rising Fe con-
centrations, monitoring must include monthly
chemical sampling. As high Fe concentrations could
seriously limit development of Nardouw Subgroup
aquifers, a proper understanding of the source of
Fe and the mechanisms controlling Fe concentra-
tions is urgently required,

The developers of the Estate aim to develop a
scecond 18 hole golf course. Implementation of a sci-
entific groundwater management and monitoring
plan coupled to effective water demand management
(particularly related (o rigation of the golf course)
18 essential if the Department of Water Affairs and
Forestry are to be able to favorably review future
applications for water use,

Conclusions

Five boreholes were drilled into the Nardouw Sub-
group aquifer to develop a source of water for
Arabella Country Estate. Following testing, three pro-
duction borcholes were brought into production and
used to supply irrigation water for new 18 hole golf
course. Monitored groundwater levels were deeper
than predicted while high Fe concentrations require
Fe removal before reticulation. In spite of these limi-
tattons, sufficient groundwater resources exist to
meet the demand of the Estate. However, rising Fe
concentrations as a result of ARD remains a matter
of concern. Scientific management of the wellfield,
implementation of effective frrigation demand man-
agement and appropriate long-term monitoring of
groundwalter levels, Fe concentration and abstrac-
tion is required to ensure the long term viability of
the groundwater supply scheme and the viability of
the golf estate itself,
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Hydrogeology of the Table Mountain Group.
A Case Study at Botrivier

JMC Weaver
Growndwater Group, Cape Water Programme. Environumeniek, CSIR, Stellenbosch, South Africa

Abstract

Low pH groundwater caused the casing of the single toun waler-supply borehole to corrode and
collapse. A hydrogeophysical survey delineated potential drill sites in Table Mowntain Group
(TMG) adjacent to a downfaulted block of Bokkeveld shales. Flve boreholes can be used Jor
toun water supply, with a datly weld of 1 749 m'/d. High impact resistant UPVC casing was
used o circumeent the corrosive nature of the groundwater. This paper describes the process of
developing the water supply and describes the lessons leamit from this case study.

Introduction

In May 1988 the CSIR was approached by the Over
berg District Council to give advice on a submers-
ible pump specification. The village of Botrivier (Fig. 1)
had an existing borehole which during summer peak
demand supplied 5 /s (430 m”/d). The installed
pump regularly falled, needing replacement, usu-
ally at less than 6 months intervals. A visit to site
showed the pH of groundwater from this borehole
(BH4. Fig. 2) 1o be 4.2, Le. highly corrosive to met-
als, However, the actual problem of pump failure
was not that the phosphor bronze impeller pump
could not wlerate this low pH. but that the steel
casing had corroded and pebbles were falling into
the borehole, being sucked into the impellers and
breaking them. Evidence of this was the pile of sand
and pebbles below the reservolr inlet pipe,

Over the following five years the CSIR carried out
three phases of groundwater exploration which in
cluded re-drilling Bha, testing one existing borehole
which proved 1o be low-yielding and drilling and test
ing five new borcholes. The proven vield from these
five boreholes 1s 1749 m'/d, with recommended
pumping rates varying from 1.8 to 8.0 U/s for 24 h
per day pumping, The vartous phases of hydrogeo
logical investigation is described in Weaver (1989),
Weaver et al. (1990), Weaver (1993a) and Weaver
(1993b).

Geology of Botrivier

Botrivier s underlain by quartzites and shales. The
village I1s bisected by a NE-SW trending scissor-fault
(Fig. 2) which at Botrivier has a 600 m downthrow
to the east. This fault brings quartzites of the Skurwe-

WOZ1) 8BRS 2534; fax: (021 888 2682:
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berg Formation, Nardouw Subgroup into contact with
shales of the Gydo Formation (Ceres Subgroup, lower
zone of the Bokkeveld Group). This fault also passes
west of Arabella Country Estate (Marsons, 2001) and
controls the headland at Kletnmond where throw
Is greatest, Towards the north the displacement
reduces to a lew metres and the fault veers to the
East and links up with the ecast-west trending
Greyton fault,

The fault and consequent distribution of the geo-
logical formations has had some control on social
development at Botrivier. At the contact there are a
number of springs, and all the older houses of the
village lie downgradient of these springs. le the
households had the better agricultural soil derived
from the shales, and also water lor irrigation sup-
plied by gravity. There s a large dam in the village
(Fig. 2). which supplied water to the stcam-engines
of the South African Ratlways, This dam is sited so
that it is on shales, thus is not leaky, which it would
be if it were on the quartzites, and the western high
level waterline parallels and coincides with the fault
trace,
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Botriver hyarogocohysics and waler supply borehole positons
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Previous work

Kent (1955) carrted out a survey for the South Afri

can Rallways to obtain possible sources of water for
locomotive and domestic supply. The purpose was
“A supply of about 3 000 gph is required for loco
and domestic purposes as the existing supply from
springs Is inadequate.” He located seven existing
boreholes, five in the Bokkeveld which were brack
to very brack. and two in the TMG with good quality
water. He recommended drilling in the weathered
TMG west of the fault. but warmed, “it will be re-
membered that boreholes at Houwhoek gave con-
siderable trouble because sand came into them with
the water. 1t is believed that this sand comes from
highly weathered layvers in the TM.S. sandstones

Few drillers in this country have any knowledge of
the techniques of “developing”™ holes and installing
screens so as (o prevent ingress of sand. If a compe-
tent driller can be found - -=. Forty years later with
the development of drilling technigques and with the
akd of competent drillers, successful boreholes have
heen completed,

The CSIR (Weaver, 1989) carnied out a hydro-
census which located nine boreholes, five of which
had been noted by Kent (1955), The four new bore-
holes were all in the TMG and between 500 m o
900 m west of the fault, Le. they were away from the
weathered material found close to the fault and were
in the more solid rock which is easier to drill, One of
these, BhCPA (Fig. 2) had been drilled to more than
250 m (250 m being the length of the depth-probe
owned by the test-pumping contractor) for water
supply for road bullding. The borchole was test-
pumped during our investigation. The water levels
did not stabllise and aquiler dewatering occurred.
thus the recommended yield was not considered
sufficient for town water-supply. Two boreholes had
been drilled on the farm south of Bh4, one to 162 m
was dry the second 1o 100 m had 1.3 Us at 92 m
and was used for house hold supply. The fourth
borehole 1s 120 m south of Bhd and is used for lim-
ited farm rmgation,

Hydrogeophysical survey

Due 1o a legal dispute regarding servitude to Bhd it
was deckded to establish a wellficld within the mu
nicipal boundanies. Prior to ficldwork a conceptual
model was developed. According to this conceptual
model the target for drilling water-supply boreholes
would be the zone in the TMG adjacent to the fault.
In terms of geophivsical response, closer to the fault
the weathering/ fractunng would be more intense
thus a lower resistivity would be measured, and fur
ther from the fault a higher resistivity response would
be measured in the less (ractured zone. A geophysi-
cal survey. using d.c. electrical sounding methods
(Schlumberger array) was carried out (Fig, 2). The
results are described in some detall in Fraser and
Stemmet (2001). The geophysical survey results con-
firmed the conceptual model. Seven sites were se

lected as heing suitable for drilling Boreholes were
drilled at five sites.

Drilling

Prior 1o commencement of drilling operations exten-
sive planning discussions were held with the driller,
JoJo Myburg en Seuns. This was done to plan how
to overcome the problems of low pH water which
corrodes steel casing. and expected difficult drilling
conditions of collapsing conditions close to the fault
For the low pH water it was decided to use PVC cas-
ing. which at that stage was not widely used in the
drilling industry. The expected dnlling conditions
were 10 m to 20 m of weathered loose material which
would need casing. Below this zone would be frac-
tured rock, which could be left as open-hole con-
struction, not needing casing. The planned drilling
method was to drill, using large diameter steel cas-
ing. through the overburden to competent rock.
Upon intersecting a few metres of competent rock.
to continue drilling with a smaller diameter to the
expected water-strikes in the fractured rock. Aflter
the final drilling depth had been reached, to then
key the PVC casing into the hard rock and recover
the steel casing. Because drilling involves rough
handling, ordinary PVC casing was regarded as be-
ing unsuitable. Thus special. high-impact resistant
HDPE. which Is used in the mining industry was
obtained from Gauteng.

Two differing occurrences of water were obtained
in the six boreholes, The first of these was water in
the transported sands and residual weathered TMG.
This sand/ weathered TMG overburden was thicker
than anticipated at 29 m to 32 m thick. The water-
table is about 6m below surface, thus a substantial
aquifer is developed in the this sand, with the ad-
vantage that downgradient is the barrier of shales
downfaulted against the quartzite, thus reducing
discharge. To access this water slotted casing was
required. The second occurrence of water was in frac-
tures within the TMG,

For two boreholes no fractures were intersected
in the bedrock, so screened and gravel packed
boreholes were constructed to exploit water in the
sand/ weathered TMG Aquifer. These produced pro-
duction borcholes with recommended vields of 1.8
and 2.0 ¢/s for 24 h pumping per day

Three boreholes intersected fractures in the bed
rock below the saturated overburden, For these
boreholes the sand was cased off with solid casing.
The idea being that the fractures would be hydrau-
lically linked to the sands. thus such a borehole
exploits a high hydraulic conductivity fracture linked
to the high storage of the saturated sands, Test-
pumping confirmed this as the late-stage portion of
the constant discharge test-pumping curve showed
a leaky aquifer response with the late-stage of the
curve remaining flat (Fig. 3. These two borcholes
have recommended yvields of 2.5 and 8.0 ¢/'s, pump-
ing 24 h per day. The third borehole was not tested
as the airlift yield was only 0.5 /s,

-157-




Part 6 Case Studhes

Botrivier Borehole 1

Q=24Us;r=s0m, RWL=63m

20 Y
-
. .--r S~
-~
15 —fi—t .
. L
E - |
§ - |
§ 10 f' T
g e
- -
’ =T n
0
S80.1 S$1.0 Ss100 $$100.0 S$1 0000 SS$10 000.C
Time (min)
Figure 3
Botrivier Bh 1 Recovery Test Botrwer: Bh1 constant discharge
20 fes! (68 h) and recovery lest
cwves
-
E's . - - |A . - -
-1 -
-
H .._wi
E '0 P T 4——#—, +
-
- \
-
% X |
| -
s +— . - t -
-
-
..
—
0 . '
1 10 100 1000 10000
w

The sixth borehole was the replacement borehole
for the collapsed Bha, The first | m of drilling gave
overburden, thereafter solid and fractured quartz
ite was intersected. The borehole was drilled 1o
61 m and had seven fracture zones, with a cumula-
tive air-lft yield of 20 ¢'s. The fractures were col-
lapsing. thus slotted casing was installed opposite
all the fractures. The HDPE casing was coarsely slot-
ted. vertical cuts of 80 mm long. 0.8 mm slot size
and 600 slots per metre of screen. Coarse gravel
was poured into the annulus as a formation stabi-
liser to prevent a side-wall collapse from damaging
the casing. The shape of the test pumping curve was
that of a semi-confined response with the late-stage
of the curve rising at the same slope as early-stage
and the recommended vield of this borehole is 6 U's
pumping for 24 h per day.

The beneficial effect of the saturated sand over-
burden towards aguifer sustainability can be seen

when comparing the ratio of atrlift yiekd 1o recom-
mended yield, Usuaally for a borehole in a fractured
rock aquifer the airift yield s substantially higher
than the calculated sustainable vield. To llustrate
this for the Botrivier borcholes, the drawdown after
24 h of pumping at the calculated sustainable yield
Is compared to the airhift yield. For the four boreholes
close to the fault with a thick saturated overburden
the ratio of air-Ift yield to recopunended vield 1s 3: 1,
L4:1. 1.4:1 and O0.8: 1, whereas for Bhd, which is in
fractured rock only. the ravo is 4:1. If Bh4 had also
had the benefit of a thick saturated overburden the
calculated sustainable vield would probably have
heen higher.

Water quality

The water quality from all the borcholes was typical
of TMG Aquifer water, Le. it has low salinity with
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ECs ranging from 17 to 35 mS/m. low pH. virtually
no alkalinity and some dissolved iron.

Low pHl is a water quality problem. with the lower
Iying boreholes against the fault averaging 5.4 and
the higher lying Bhd being 4.6, Dissolved iron alt
about 0.2 mg/ ¢ also is problematic. These problems
could be solved by installing a Calcostab unit
Macintosh, 2001}, but 1o date funding has not been
made available,

The original domestic waste disposal site was
about 150 m o the north-east of borehole Bh6, which
at 8 /s 15 the highest yielding of all the boreholes
drilled, As a consequence the waste-site has been
closed and a new waste-site developed downgradient
of the water-supply boreholes and thus on the
Bokkeveld shales. Bh6 was drilled in 1993 and has
not yet been commissioned as the water-supply from
the rest of the borcholes currently is satisfyving the
demand,

Overview

The Botrivier water supply project was successiul

because:

. A conceptual model was developed

. The hydrocensus and a literature review con-
firmed the conceptual model

. The geophysical survey tested and confirmed
the conceptual model

. Drilling proved the model and obtained water

. Prior understanding of the potential drilling
problems enabled actual problems to be an-
ticipated and solved,

Conclusions

The development of groundwater for a water-supply
for Botrivier has followed a routine path of drill-tar-
get dentification, drilling and testing, evaluating
results and recommending sustainable pumping
yields.

There are two aspects making this project slightly
different (or lessons learned), The first is develop-
ment of the thick saturated overburden of sand and
weathered TMG overlyving the fractured guartzites.
This provided leaky aquifer conditions and a large
storage. which s acceessible 1o the fractures. For
future investigations of water supply such a geo-
logical setting, if present, should be classed as a
prime targetl for drilling, so as w0 oblain a sustain
able yield.

The second aspect concerns daily and annual
recharge to the wellficld. Upgradient of the various
boreholes of the wellfield Is a vast expanse of
Nardouw Formation quartzites. The amount of wa-
ter in storage. plus the annual rainfall recharge,

makes this an aquifer that will be difficult 1o de

plete. The future (year 2010) water demand for
Botrivier Village was predicted to be about 1 200
m*/d, which is a bit less than 0.5 million m*/ vear.
The welltield is fed by the aguifer underlying the large
arca of mountain (Nardouw Formation) lving to the
west of Botrivier. This mountain, over a distance of
about 8 km. rises 1o about 300 m above the village.
The volume of water In storage (at S = 0.1%) Is esti

mated to be about 10 milllon m’. and the annual
recharge (at 20%) about 6 million m’. Thus, aguifer
sustainability is not the limiting factor when devel-
oping the management scenario for the Bolrivier
wellficld. The controlling factor will be the hydraulic
conductivity of the fractures and/or weathering.
which enables water to move downgradient to the
pumping borehole and wellfield. The Nardouw For

mation quartzites are known to have low hydraulic
conductivities (the T-value for Bhl is approximately
5 m*/d). Thus developing a pumping rate for a 24-
hour pumping cyele which does not produce exces-
sive drawdowns is probably the sum total of aquifer
management that is needed, This can be likened to
a spring which flows all-year - no-one 18 concerned
with aquifer management - it manages itsell. Such
aspects have to be bormne in mind when evaluating
the test pump data and developing a recommended
vield.
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Case Study:
Ceres Municipality

P Rosewarne
SRK Consulting Engineers and Sclentists, PO Box 6824, Roggebaat 8012, South Africu

Abstract

By the early 1990s it had become clear that the existing Ceres Dam could not meet domestic
requirements of the town and the local Kockemoer Irrigation Board. A new dam was therefore
commissioned on the site of the existing dam. Water supply would be disrupted over the tuwo.
year construction pertod starting in 1995 and SRK Consulting were appointed to develop local
grounduater resources to supply 100 £'s for bridging purposes and also for subsequent summer
peak demarwd. Five boreholes were developed in the Table Mountain Group (TMG) Aquifer with
a supply potential of 48 ¢/'s and three in the Bokkeveld Aquifer with a supply potential of
50 ¢'s. Surprisingly, the Bokkeveld Aquifer proved to be a more efficient and cost ¢ffective

source of groundwater than the TMG.

Introduction

In 1993, SRK Consulting were appointed by Ceres
Municipality to upgrade the town’s water supply sys-
tems to secure the projected long-term requirements
A major part of this work involved construction of a
new water supply dam over a two-year period start-
ing in late 1995, The existing dam supply would be
disrupted during construction and local ground-
walter supplics were therefore required for bridging
purposes during this period and for subsequent
summer peak demand tmes. The initial requirement
from groundwater was 100 £/5 (268 000 m*/month).

Hydrogeology

Two aquifers occur in the Ceres arca, namely sand
stones of the TMG and shales and sandstones of the
Bokkeveld Group.

TMG Aquifer

Due 1o the apparent advantages of developing the
TMG Aquifer, Le. higher yield potential, better water
quality and little existing development, initial
borehole siting was limited to the southern and west-
ern base of the Skurweberg and ten sites were
pegged.  Four sites sclected by the Department of
Walter Allairs and Forestry (DWAF) were also re-
viewed (see Fig. 1), Two of the latter sites, G 33222
and 33224, were drilled by DWAF in 1992 and
equipped with pumps by the municipality in 1994,

021 421 7182 fax (021) 4254648
emall: prosewames srk.co.za

Borehole development was confined to the west
cem area of Ceres for case of incorporation with ex-
Isting/ proposed pipelines and reservoirs. Boreholes
SRK 4. 6 and 7 were drilled on geophysical anoma-
lies and visible fracture zones. SRK 5 and 10 were
drilled In gaps between surveyed sites (o test the
hypothesis that boreholes could be sited almost
anywhere because of the highly fractured nature of
the TMG Aquifer (as at St Francis-on-Seal. in the
syntaxis area of the Cape Fold Belt.

A feature ol the borehole site survey was the van
able responses obtained with the EM-34 magneto
meter. At SRK 6 and 7 there was no anomaly re-
corded by the electromagnetic method used, al-
though fracture zones were clearly visible in the field,
A major anomaly was recorded at SRK 4 but, in this
case, there was no visible fracture zone.

Drilling depth ranged from 120 to 200 m, all in
very hard quartzitic sandstones of the Nardouw
Subgroup beneath a shallow layer of sand and boul-
ders. Low ylelding fracture zones were encountered
between about 18 to 60 m, with the main high yield
ing fractures being in the range 80 1o 150 m. Blow
out yiekds ranged from 3 ¢/s (SRK 6 and 10) 10 20 U/s
ISRK 5 and 7). while target production borehole yield
was 10 ¢/s. SRK 6 was continued down to 200 m
despite its low yield and the hard, unfractured na
ture of the sandstone in the bellef that additional
groundwater strikes would be encountered, given
the structural setting at Ceres, but this did not oc-
cur,

With seven boreholes so far drilled into the TMG
Aquifer the success rate stands at 70%, which Is
very reasonable In terms of the yields obtained and
in the broad context of groundwater occurrence in
South Africa. but Is somewhat below expectations
given the favourable structural environment. The
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Ceres grouncwater inveshgadon: Localty plan

hypothesis that one can drill anyvwhere in the TMG
Aquifer at Ceres is uniresolved, with one success
SRK 5. and one fajlure. SRK 10

Rest water levels are high, considering the depth
to main water strikes, ranging between ~2 and 7 m
below ground level (mbgl) This reflects the pres
sure head of groundwater from the recharge area ol
the Skurweberg (1o the west,

Discharge rates of up 1o 19 (/s were achieved
during the step tests ISRK 5) but such rates are typl
cally not sustainable given the limited storage of frac
These aquifer types are

tured aquifers of this typx

characterised by low yvield ' drawdown ratios due (1o
limited storage and fracture hydraulic conductiviry
resulting in large drawdowns. Accordingly, discharge
rates for the 72 h constant discharge tests were sel
at between K5 and 120 U's

With the exception of G 33224, the tume-draw
down plots from these tests all show a large and
rapid inttial drawdown which then levels-oll at vary
ing stages into the tests, indicating that equilibrium
conditions have been reached (see Fig, 2). G 33224
shows a different response to pumping in that after
the initial rapid drawdown, the time-drawdown plot
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Borehole G33222 constant dscharge lest

shows a continuously steepening trend. Indicating
aquifer dewatering at this pumping rate.

Mutual interference of water levels occurs be-
tween SRK 4. 5 and G 33222 when they are pumped,
resulting in additional drawdowns of up to 5 m in
cach borchole. This Is not considered to be signifl-
cant given the availlable drawdown in each borehole.

Bokkeveld Aquifer

Discussion on the Bokkeveld Aquifer is included for
interest because of the contrasting results obtained.

At the request of the municipality, two additional
boreholes, SRK 8 and 9, were sited at Bellavista
Township. 5 km north of Ceres, in the Bokkeveld
Aquifer. These were sited by means of an electro-
magnetic survey across a fault zone. There is also
an existing municipal borehole within Ceres itself
(Umzumaall which is tapping the Bokkeveld Aqui-
fer.

Rest water levels ranged from ~7 mbgl in SRK 8,
in a topographically low area, to ~21 mbgl in the
more elevated SRK9.

Discharge rates of up 1o 38 ¢/s were obtained
during the step-test on SRK 9, with a drawdown of
only 9.5 m. However, the constant discharge tests
showed that these rates are not sustainable, with
SRK 8 & 9 and Umzumaal all showing steepening

drawdown trends with tme, Indicating that water
levels would eventually have reached pump intake
at the discharge rates of 250, 30.6 and 20,0 Us,
respectively,

SRK B is slightly allected by pumping of a pri
vate borehole, but there was no measurable inter-
ference between SRK 8 and 9.

Groundwater quality

Groundwater from the TMG Aquifer boreholes has
an electrical conductivity (EC) of 2.8 to 3.5 mS/m,
Lo, it contains virtually no dissolved salts and bas a
pH of around 4.8, It is therefore aggressive and will
corrode any metals or concrete it comes into con-
tact with, It also contains dissolved tron in sulli-
clent concentration to cause aesthetic problems,
such as taste and staining,

Groundwater from the Bokkeveld Aguifer is more
variable in quality, with EC ranging from 20 m/Sm
in the Umzumaal groundwater to 148 mS/m in SRK
8. This reflects the closer proximity of the Umzumaal
borehole (o the TMG Aquifer.  All constituents ana-
lysed for are within SABS recommend limits for do-
mestic water supplies. with the exception of Fe.

None of the boreholes showed any measurable
trend to an Increase In EC over the 72-h constant
discharge tests. The only trend was a decrease in
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iron concentration in all borcholes, which stll re-
mained above risk free levels,

Wellfield development

Based on their geographical location the boreholes
have been grouped into two wellfields, the Western
and Hellavista Wellfields, For each borchole a long
term and peak pumping rate have been determined,
the former heing a continuous, vear-round rate and
the latter for peak demand periods not exceeding
one week's continuous pumping. Experience from
other wellficlds developed in TMG Aquifers contain-
ing groundwater with dissolved tron, e g. St Francis-
on-Sea, has shown that continuous pumping allevi
ates the problems caused by iron precipitation, such
as discoloured water. Details of pumping schedules
are given in Table 1.

It can be seen that the target groundwater supply
of 100 /s has been met from the eight production
boreholes and that there is an additsonal 18 8/s avall
able for short-term peak demand persods. Yield test-
ing was carried out at the end of the dry summer
months and so the water level responses to pump-
ing. on which the above production yvields have been
selected. should represent a worst-case scenario.

The drilling and testing program has brought o
light some interesting statistical comparisons be-
tween production boreholes developed in TMG and
Bokkeveld Aquifers in the Ceres arca, with practical
significance for further wellfield development. These
are summarised in Table 2

Conclusions

The following conclusions can be drawn from this

case study

. There are two aquifers in the Ceres area, de-
veloped in the TMG and Bokkeveld Group, re
spectively

. Seven horcholes have been drilled into the TMG
Aquifer 10 the west of Ceres with a 70% suc-
cess rate (blow-out vield > 10 ¢/5). The combined
operational yield of these borcholes is 48 £/«

. Three boreholes have been drilled into the
Bokkeveld Aquiler, with a combined operational
vield of 50 Us.

. Somewhat surprisingly. boreholes in the Bok
keveld Aquifer yickl twice as much as those in
the TMG Aquifer and drilling depth and cost
are about half that for a TMG borehole

. The TMG groundwater has very low EC of 2.8
to 3.5 mS/'m, a pH of <6 and is thus very ag-
gressive, [t also has a typically high iron con
tent

. Groundwater from the Bokkeveld Aquifer is
more variable in gquality. with EC ranging from
20 to 148 mS . m but also with a high tron con
tent.

Table 1
Production borehole specifications
Western Wellfield Pumping rate (Us) Pump
depth (m)
Longderm | Peak
SHK 4 10 12 19
SR 5 12 12 110
SR 7 0 10 10
G 3222 0 12 100
G 33224 3 ¥ 38
UMZUMAAI 10 15 83
Sub-total 58 68
Bellavista Wellfield
SR 8 20 ) 55
SPK 9 20 % 85
Sud-total 40 50
TOTAL R 18
Table 2
Comparison of aquifer development parameters
Parameter TMG Aquifer | Bokkeveld
Aquiter
Average borehole Cegth (m) 150 b
Average production yield (Ls) 10 20
Average driling cost * 95 000 50 000
Water quality Buffering and | ron removal
iron removal required
requred

* Based on 1995 costs escaated at 15% p.a
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The Geohydrology of the Ceres Waste
Disposal Site

R Parsons
Parsons & Assoctates Specialist Groundwater Consultants, PO Box 2606, Somersetr West 7129,
South Africa

Abstract

The Ceres waste disposal site is located on a viable groundwater resource. The site senes a
population of 24 000 and was established in 1985 before current siting, design and operation
requirements were specified. Geohydrological investigation and monfioring have shown the faciling
o already have had an impact on the underlying fractured aquifer system. Because of the
disposal of large volumes of lguid waste by the frull processing ndustry, it was not possible o
define the extent and severity of corttamination. The Department of Water Affairs and Forestry
required the site be closed and rehabilditated. but this has been prevented by the lack of an
alternative disposal factlity. The geohydrological properties of Table Mountain Group (TMG) aquifer
systemns result in existing or poterdial sites on the TMG betng unsuitable for development as
waste disposal factlities. Because adjacent Bokkeveld Group aquifer systems are also often not
suttable and other factors have to be considered in the selection process, appropriate engineering
and management s reguired (o reduce the inpact of waste disposal sttes on underlying aguifer
systems. This should be coupled 1o demarcation of zones arourdd the sites from which groundwater

abstraction is prohibied.

Introduction

The town of Ceres. which has a population of some
24 000 people. 1s situated 100 km north-cast of Cape
Town. Ceres is the centre of the frult farming indus-
try in the arca. with fruit juice production being a
major component of the town's industrial activity.

The Department of Water Affairs and Forestry
[DWAF) minimum requirements for waste disposal
by landfill (DWAF, 194M) requires geohydrological
investigations form part of the application for a per-
mit to operate waste disposal facilities. A series of
mvestigations were hence commissioned by the
Ceres Municipality INinham Shand, 1993). culmi-
nating in the preparation of a site closure and reha
bilitation plan after DWAF refused to Issue a permit
for the site and required the site to be closed
(Hemingway Isaacs Coetzee, 1996). One of the main
reasons for DWAF's decision was the disposal facil-
ity Is situated on a major TMG aquifer system.

This paper describes the geohydrological setting
of the waste disposal site and results of groundwalter
monitoring. It also examines the vulnerabality of TMG
Aquifers 1o anthropogenic activities and the feasi-
bility of establishing waste disposal sites on TMG
Aquifers.

SN021) 855 2480, fax (021) 8552363
Emall: rparsons s igfnica,com

Figure 1
Locakty map of Ceres

Background

Ceres s located at the base of the north-south trend
ing Skurweberg Mountains. Mean annual rainfall
amounts to | 300 mm/a. of which 75% falls during
the winter peniod between May and August,

It is somewhat fronic that at the time of the in
vestigation of the waste site, the town's main water
supply dam was undergoing major refurbishment.
Because of safety reasons and the need to develop
additional water supplies. the dam underwent a
R10O 000 000 upgrade. Though the town uses
groundwater 10 an extent. the position of the waste




Part 6 Case Studhes

site severely limits possible [uture expansion of
the wellfwld south-cast of the town.

e waste disposal site is Jocated 1.2 km south
cast of the wwwn., directly adjacent to the wastewater
treatment works. The west flowing Titus River s lo
cated 500 m north of the site. A small stream be
tween the waste pile and the Skurweberg Mountains
prevents run-ofl from the mountains entering the
sile

Hydrogeological description

The waste disposal site s situated on light grey
quartzitic sandstones of the Nardouw Subgroup ol
the TMG. The highly fractured rocks dip at 30° north
wards. Previous geohydrological studies of the arca
showed the prevailing aguifer system to have a high

Monitoring

A surface and groundwater monitoring network was
established at the waste site (Parsons, 1997). High
vields of up to 10 £/'s were obtained in five monitos

ing boreholes drilled north of the waste plle (Fig. 2)

Boreholes were drilled to a maximum depth of
SO m. Measurcment of groundwater levels indicated
the plezometric surface to be within 4.5 m of s

face In winter and within 6.0 m in summer.

geohydrological potential. principally because of the il
hudhly fractured nature of the aguifer system, a high o
recharge potential and good water quality (Meyer,
1984, 1987: Rosewarne, 1993)

Sustainable long-term yields in excess of 10 (/s
are commonly obtained while the aggressive ground
water has an EC of less than 20 mS/m, a pH of less
than 5 and a NaCl character. In the vicinity of the
waste site. groundwater flows in a northerly direc
tion toward the Thus River.

Based on prevalling geohydrological character-
iIstics, the aguifer was classified as & major aguiler
system (Parsons, 1996) highly vulnerable to anthro ¢
podenic inpacts.
Waste disposal —— "
Mie waste disposal site was established in 1954 by 2
the Ceres Municipality and Is used (o dispose of ) J ) L
domesiic waste .m[:l waste from the fruit processing Posion of boreholes at Cares waste disposal ske
industry. The waste site has not been
enginecred and no protective barri 00
ers have been installed. Because of
high winter rainfall and large volume b r
of Iiquid waste or effluent disposed 200 /
of, the waste disposal facility is ex /N’
pected to produce large volumes ol 250 rd '

- /

leachate. However, no mechanism
is In place 1o measure the quantity ?200 -
nor quality of leachate generated > o

Large volumes of hquid waste 190
from the frult processing industry o N
are disposed in unlined ponds which - / \\
surround the waste pile (Fig. 2). Typl s v R

v

cally the effluent sampled In the —
ponds has a relatively low EC (30 o —— o — .q"_..‘“é
msS. mi a neatral I'H a COD value Jan93 Jan$4 Jan-95 Janbs Jan-97 Jan-88 Jan-99
of 800 meg f and a CL concentration Date
of about 90 mg ¢ (Parsons, 1997)
he chemical character is sutliciently
different 1o casily distinguish be COBN ~E CONOR ~O— CODON —so— COBD S COGN o COON

tween eflluent, groundwater and sur
face waler

Figure 3

Resuls of mondonng al the Cores waste dwsposal site
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Figure 4
Pper dagram of groundwiler
and efvent sampied 3t the
Ceres wasie csposal sife

CHhunse

DUy
.
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oD '”0.
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Two piczometers were installed in CD-BIH2 with
CD-BH2(u) installed to a depth of 14 m and CD-
BH2(1) installed to a depth of 26 m. All other moni-
toring horeholes have a typical open hole construc-
tion. It is interesting to note that groundwater qual-
ity stratification with depth was only observed in
the piczometers. This indicates a high degree of mix-
ing of leachate and groundwater takes place in the
bhoreholes,

Monitoring data clearly Indicates groundwaler
has been contaminated by the waste disposal site
(Fig. 3). However, determination of the extent and
severity of contamination is difficult because of the
dilution effect of effluent from the ponds recharging
the groundwater system. Contamination is readily
detected in CD-BH2{u) and CD-BH4 as these (wo
monitoring stations are least impacted by the efflu-
ent ponds (Fig, 2). CD-BH1 and CD-BHS are closest
to the ponds, and in terms of concentrations, yield
groundwater similar to that of the efMuent (Fig. 3).
However, the chemical character displayed in the
Piper diagram suggest CD-BHS is typical of prevail-
ing groundwater (NaCl type) while CD-BH1 has been
influenced by recharging efMuent and leachate
(Fig. 4).

Discussion

The waste disposal site does not meet modern de-
sign and operation standards. It is, therefore, not
surprising that the facility has already had an im-
pact on the underlying aguiler system. Leachate gen-
erated by the waste pile and eflluent disposed of by
the frult processing industry provide a large volume
of a liquid chemical cocktail which rapidly reaches
the highly fractured and transmissive aguiler sys-
tem.

Under current legislation (DWAF, 1995), 1t is
improbable that a waste site would ever have been

.
D

established at the current site. Further, DWAF has
instructed the Ceres Municipality to close and re
habilitate the site, but lack of an alternative facility
prevents this from taking place in the short term.

Geohydrological characteristics of the site result
in the site being unsuitable for waste disposal. This
s true of most TMG Aquifer systems. Though pre
valling geohydrological conditions allow for a degree
of mixing and dilution of leachate, conditions also
result in the agquifers being both Important sources
of water and vulnerable to contamination. The frac-
tured nature of the rocks and shallow water table
result in little attenuation taking place. Contami-
nants are also transported relatively quickly over
long distances in the subsurface.

Alternative geologies on which to place waste dis
posal sites in the area is problematic. The Bokkeveld
Group, which predominantly comprises of sand-
stones and shale, provides a better alternative. How-
ever. sandstones in the Group also have high
grohydrological potential and have successiully been
developed In the Ceres Valley as a reliable source of
large quantities of groundwater. Potential sites have
to target highly weathered shale and clay horizons
which can prevent leachate from impacting viable
Water resources.

Unfortunately, geohydrological considerations are
but one of a set of factors which govern the suitabil-
ity of sites for development as waste disposal facili-
ties. Public reaction, availability of cover material
and transport distance are arguably as important.
In those instances where sites have to be located on
TMG Aquifer systems, appropriate engineering (with
liners) and operation have o be used as a means of
reducing the impact of waste disposal activities on
underlying groundwater resources. This should be
coupled with demarcation of zones around the waste
pile in which groundwater abstraction is prohibited
or restricted,
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Conclusions

The Ceres waste disposal site §s located on a viable
groundwater resource. Geohydrologeal investigation
and monttoring has shown the facility has already
had an impact on the underiyving groundwater sys

tem. Because of the disposal of large volumes of lig-
uid waste by the fruit processing industry it has not
been possible to define the extent and severity of
contamination. DWAF requires that the site be closed
and rehabilitated. but this has been prevented by
lack of an alternative factlity,

The geohydrological properties of TMG aquifer
systems result in sites on the TMG being unsuit-
able for development as waste disposal facilities.
Because adjacent Bokkeveld Group aquifer systems
are also often not suitable and other factors also
have to be constdered, appropriate enginecring and
management is required to reduce the impact of
these facilities on underlving aquifers.
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Boschkloof Groundwater Discovery

CJH Hartnady* and ER Hay
Umvoto Africa cc, PO Box 61, Mulzenberg 7950, South Africa

Abstract

The Boschkloof Wellfield was developed for the Citrusdal Municipality betwween December 1997
and June 1998 following concern aboul the summer -season surface water supply. Ploe boreholes
(BK1-BKS5) were dnlled 1o depths ranging from 165 (o 352 m. BK1 was a landmark event in the
Oiifarus River area as a major water strike (atr e gletds of 100 120 &s) was encountered al
154 m depth, demonstrating the groundwaler potential of the Peninsula Aquifer. Another major
water strike (blow yilds of 95-109 #'s) was encountered in BK4 at 294 m. Experience during
drilling of BK3 ard BK4 was that groundwater yields increased dramatically befow a “threshold
depth™ of ~200 m, possibly related to a stress generated confining zone within the uniformly
quartzitic rock type. BKI. BK4 and BK3 were joinly test- pumped for over 50 h at a combined
rate close 1o 90 &' s, and during the 2000 summer drought, BK1 and BK4 produced continuously
Sfor a_few weeks at a combined rate of 60 £'s. Isotope data from borchole water sampled during
drilling and pump-testing shows a trend of constant "0, but D generally decreasing with depih.
The distinctive isotopéc lghtness of the groundwater indicates recharge (o this part of the agquifer
from higher and/or colder and/or more indertor inland settings. Most samples have 80 values
< 5%, and are isotoplcally similar to surface water samples from high-altitude Peninsula and
Nardouw sites. *C results and elevated groundwater temperatures potnt o an influx of
groundwater from a relatively deep flow path into the wells. The possible recharge area Is
~40 km distand in a south-casterly direction along a major hydrotect, the Elandskloof Boschikloof

Fault Zone.

Introduction

In late 1997, the appearance of a strong El Nino
effect in the ecastern Pacific Ocean raised concerns
aboul possible drought effects in Southern Afnca,
at a time when the Western Cape reglon had lately
experienced a very dry winter season. Low rainfalls
in the Olifants River valley had caused the Citrusdal
authorities to anticipate that, for the first time in
living memory, the river would cease to flow at the
municipal pump station near the road bridge across
the river (Fig. 1). Consequently, an application was
made o access a special emergency fund created
by the SA government for the mitigation of El Nino
related droughts, in order 1o provide a reserve
groundwater supply (o the town.

This application resulted in the urgent implemen
tation of the carlier hydrogeological recommenda
tions (Umvoto, 1995) around the target area on
Boschklool 466, approximately 5 km to the north
ecast of the town (Fig. 1) In January 1998 the first of
the five planned Boschkloof wells encountered a
major water strike at a depth of 154 m, when ex-
ceptional air-lift yvields of 100-120 /s were achieved
for ~30 min intervals of compressed-air blow by the

* To whom all correspondence should be addressed,
MO21) TREB03); fax (021) TE8 6742

E-matl: chyis® umupoto.com

drilling rig. Alter intersecting the water sirike, this
BK1 well had a constant artesian flow of about
7-10 /s (Hartnady, 1998), Attempts to deepen BK1
by further percussion drilling below 165 m were
foiled by high water pressures in the in-flow zone,
which could not be overcome even with air-compres-
sor capacity boosted 1o ~50 bars.

The Hoschkloof BK1 discovery was a landmark
event in the Olifants River area. as it provided a prac-
tical demonstration of the unrealised groundwater
potential in the thick fractured-rock aquifer of the
Peninsula Formation (Fig. 2). Because of i1s loca-
tion along the mountainous valley borders (Figs. 1
and 3), and consequent distance from both the town
and the main areas of agricultural acuvity. where
the valley floor is underlain by either young alluvial
deposits and/or ecasily weathered Bokkeveld shale,
the Peninsula Aquifer had been neglected as a pos-
sible groundwater source. The only previous borehole
on the Boschkloof property (nicknamed the “Grass”™
well becanse of overgrown vegetation on the weak
artesian flow) had been sited In the general target
area, but was drilled into the nearby Cedarberg shale
aguitard. and was abandoned at a depth of ~90 m
due 1o nominal yield.

Between December 1997 and February 1995, five
wells (BK1 through BKS) were drilled within an area
measuring ~500 m (S or X-dimension) by 300 m (E
or Y-dimension), and later pump tested. Following
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Boschkloof Well-field

Borehole locations
and other
signdficant sites

Figure 1
July 1598 Landsat imagevy showing location of the Boschidoo! wel-fedd
MumDEned CAOSSes) i relahon 10 he fomm of Cavusald (grey area marked A n,
The weltalo accesses e Pennsula Aquierwhere the Ceaarterg Formahon
crosses the Baschiioo! Rver Also shown are
) the locaton of an artesian borehoieyB) in the Nardouw Aguifer,
(1) & recerdy constructed lvge farm dam (D) supphed from a ppelne from
a wew (W) on the Boschwioof Rwver, not far domnstream from the wel-field
(W) supenmposed mar Bults (red) and fraciure races (orange)

Figuve 2
Sampitiad gealogical map of part of
the CAGE provect area. showng
ocatons of Bosonkloo! ang other ke

Miracnsus S0 VON (VDS
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Figure 3
Cirusaal-Boschwloo! terram
display. based on e DEM n
the CAGE Project geographc
informaton system (GIS)
covenng the same aned as
the main frame of Fig. 1
A. Topographic confowrs
colour-coded with sevected
clovations and spof hesghts
8 Local siope aspect.
colour-coded rad (N-facing)
green (W-lacwg), blue
(S-facng), and yelow(E-
facng) with intervening hue
gracents. The Ofants Rver
separates theE-acng
Oifantsberge siopes on the
left from the Cederdeérg
foothills on e nght (muwed
green, biue and rad hues)

this development, a wide-ranging hydrogeological
project, funded by the Department of Water Allairs
and Forestry (DWAF) was undertaken with the E10
drainage basin (upper Olifants River) being the main
focus (Hartnady and Hay, 2000). Oxygen and
hydrogen isolope analyses were also undertaken
on Boschkloof samples at the time of drilling and
pump-testing, and these results are integrated with
environmental isotoplec analysis (including carbon)
on samples gathered during the CAGE project
hydrocensus (199851999 summer) as well as others
in the Western Cape

Geographical and geological setting

Aspects of the terrain physiography around
Citrusdal and Boschkloof (Fig. 3) can be lllustrated
and selectively enhanced from a 30 x 30 m
resolution digital elevation model (DEM) con
structed during the CAGE project. Together with the
GIS-based and co-georeferenced satellite imagery,
from both Landsat and SPOT sources, the DEM
provides a powerful analytical tool for digital

geospatial analysis over the wider area (Hartnady
2001).

The well-field is at the mouth of an impressive
canvon on the Boschkloof River, a right-bank tribu
tary of the upper Olifants River in the E10 quater
nary subcatchment. which cuts through the foot
hills of the Cederberg mountain range. Headwaters
of this river drain the western slopes of the highest
peak in this range, namely Snecuberg (2026 .8 m)
e foothills through which the canyvon is incised
(Fig. 3A. upper right comer) include the peaks of
Duiwelskop (1 47 1.6 m) o the north of the river, and
Witherg 11 330.0 m) 1o the south

e NNW/SSE structural grain to the valley and
mountain topography is controlled by the strari
graphic boundaries between the Peninsula Forma
tion, Pakhuls and Cedarberg lormations, and the
Nardouw Subgroup [(see De Beer. 2001; Fig. 3
Around Boschkloof NNW/SSE-and E-W siriking
major faults and fractures also dominate the struc
tural geology (Fig, 4). A simplified geological cross
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Figure 4

Swmpafied geological cross-sechion through the Bosohkioo!

walhedt,

A Borehole locations relatve 10 irace of Elandskioof-

Boschoo! Fault Zone (EBFZ).

B SW-NE structural cross-section between BKS and BK3

The "Grass” borehole 15 an unsuccesstl ned

commssioned by the landowner prior 1o 1997, and dnlled
nio the Coctarbery shale aguitard. The BX wells were dnled
n January-Apr¥ 1968 n ordler 1o access the Pannsula

Aguter

section showing the relationship between the
boreholes is shown in Fig 48,

Drilling and geophysical logging

Drilling operations commenced on 127 December
1997 and were completed by 23 February 1998
Summary detalls of the five borcholes drilled are
contained in Table 1.

Down-hole geophysical logging of selected bore-
holes (BK1, BK2, BK4, and BKS) was undertaken
before the boreholes were cased. This was consid-
cred necessary information lor practical decisions
that had to be taken on site in a severely limited
tme-frame with potential cost-saving implications,
e.g a decision Lo case 1o protect the pumps rather
than (o case the full length of the borehole, which
did result in considerable savings. The down hole
observations when the test-pumps had fallen down

400 -
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BK4, were critical to fishing this equipment so that
borehole could be saved and the test continued,

Blow-yield and pump-testing results

OF the five wells drilled in the Boschklool field (Fig.
AA)L four were artesian at the completion of drilling
operations. (The exception, well BK2, subsequently
became weakly artestan), None vielded less than
10 €5 in driller’s blow-yield tests, except for well
BKS (8 t/5).

The BK1 discovery strike at a depth of 154 m
has already been mentioned. Well BK4. nearest o
BK1 and drilled to a depth of 284 m, encountered a
major water strike at a depth of 220 m, after which
exceptional compressed-air blow yields in the range
of 95 109 ¢/'s were achieved for 30 min to 1 h inter
vals. It is clearly connected at depth to the BK 1 major
strike (Fig. 4B), because the artestan flow at the BK1
well ceased at the time of this strike. The BK1 statie
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Table 1
Boschkloof drilling summary table
No. Dates Coordinates Final Briet Final Temp EC pH
(cays) X, Y, Elev. depth geological blow *C) (mS/m)
(m) (m) log yeld
(Us)
BK1 51297 3701.875, 174 0-174 m gtz ssin, 120 ncrease decraase €
w0 17/1/98 5455737, (96-102 m mic. qtzite) with depth with depth
21 252.70 [Pennsula) 200285 8010 40
BK2 19196 4295917 34 0-314 m gtz sstn 15 fluctuason fuctuation | fuctuation
0 5298 5756266, [Parsnsuta) 26210287 | M1%0773; | 608tk
(16) 27044 Inal = 268 inal = 80 £
BK3 6298 3585423 350 0-350 m gtz ssin, 15 fluctuancn fuctuation | decrease
0 24298 -5628.256, (44-61 m very soft 25610301, 120 % 180 | with degth
(15) 255.56 sty sstn) fnal = 27 fnal=120 | 7251065
[Permnsula)
BK4 26296 3613339, 54 0-294 m quz ssin @ fuctuanon fluctisaton 65
10 127248 5547 380, [Pernsula) 24110275 7310 141;
(15) 250.34 final = 26 final = 90
BKS 142156 4007 223, 348 0-105 m quz ssin 10 ncrease cecrease 8
1023298 | -5306162 [Nardouw]. with dapth T deptn
'y 240 86 105-336 m sandy 2102% 240% 110
gtz sitstn & shale
[Cedarbarg):
336-348 m gtz ssin
[Peninsuta)

water level then fell to 41 em below the collar of the
standpipe (0.36 m above ground level).

Boschkloof well BK3, like HBK4 located along a
transverse E/W striking lincament to the cast of the
main Boschkloof Fault structure, was drilled to a
final depth of 350 m. The BK3 well is notable in
that the blow vield did not rise above 5 &'s until a
depth of 199 m was exceeded, and the main
increment to the blow yield (from 9 ¢'s 10 the final
15 ¢/s) was not attained until a depth of 255 m was
exceeded.

Similarly, the blow yield in the exceptionally high
vielding well BK4 remained at only ~4.5 /s until a
depth of 206 m was exceeded, whereupon (t in-
creased o ~100 s at 294 m. This newly discov
ered phenomenon of dramatically Increased ground
water vields below a eritical “threshold depth”™ is of
enormous practical importance in TMG hydro-
geology. being cructal to future exploration and dnill-
Ing strategy in the Citrusdal region and clsewhere
in the Western Cape. It deserves the fullest possible
further scientific investigation

There Is no ostensible lthological change assocl
ated with the <200 m deep transition between low-
vielding and high-vielding fractures with the uni-
formly quartzitic Peninsula aquifer at these Bosch-

klool sites (Fig, 4B). 1t is therefore strongly sus-
pected that this transition - in which the upper
200 m thick, dry “skin™ of the aquifer effectively con-
fines the deeper geopressured parts - s controlled
by the amblent stress regime,

A possible working hypothesis to explain this
Interesting and important phenomenon is the exist
ence of a high horizontal compressive stress gener-
ated in the shallow bed-rock layer around the valley
lloor of the deeply incised Boschkloof stream by the
adjacent steep mountainous topography. which is a
well-known effect observed during stress investiga-
tons around many large dam sites in narrow valley
sSettings.

This postulated superimposition of a near-sus
face “thrust-fault stress regime” upon the prevail-
ing “wrench-fault regime”, characteristic of the
deeper crustal lavers in the Western Cape region
(Zoback, 1992), might explain the inhibition of
groundwater flow from depth through the highly-
stressed shallow zone. In the context of the Bosch
kloof well-fieid. however. this hypothesis must re-
main speculative untll actual crustal stress meas
urements are obtained by systematic hydrofrac-
luring or vesifu overcoring experiments.,

AT2-
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Pump-testing on the Boschkloof 9 PR | TR I e 1
horcholes was undertaken during 0+° % 3156w I
two separate operations. In April E‘ = A ] &
1998 the boreholes were individually =<9 ' e 51 & B
pumped In step-test and constant ) ] : ‘ - - |
discharge (CD) mode, while draw ‘ 320 m (72 My
downs in the pumped and non & 1
pumped wells were monitored. In - g ., f‘,‘,‘.‘:':u"',‘jj;.";
August 19898 a well-field test was € i
conducted, during which three wells 80 |\ A
(BK L, BK3 and BEKA) were pumped lor 0 \ {l | |
72 h at a combined CD of nearly 90 £'s \
while water levels in all wells were 80 S o rt
monitored, The largest pumping rate 11T 1
was achieved in well BK4, which 900 ot 2008 — a i o800
consequently showed the largest
(Ir:u'-d'(vwns ‘Flg. 5). . Time since pumping started (min)
A sample of the well-lield data 0
for BK4 is given in Fig. 5A with in- | |8 vy G e Y J
terpreted results in Fig. 5B, The thin | B il SN {3134 0 2220 n I i

dashed line is fit to 20-2154 min CD
data, from which a transmissivity T
= 87 m'/d Is deduced. It is extra-
polated forward (o S-month and |1

vear predicted levels (<104 m and

E 8 &8 B

Apparent drawdown (m)

125 m. respectively). and also back | oo avG 12 | .

10n00
ward (o time at zero drawdown, from 100 | L £ |
which storativity S » 1.25 x 10" is ‘8Kt ©=230Vs {
deduced, 120 .BK) Q=10w |

The hydraulic property values ob

-

S m gy |

tained for the individual (April 1995)
CD tests are contained in Table 2,
and a sample 72 h test for well BK4
al 47 /s CD s tlustrated in Fig. 5C.
The range in estimated T Is from 4
m'/d i BKS, which is farthest away
from the Elandsklool-Boschklool
fault zone, to 180 m*/d for BK1,
which is the original discovery well,
The S range is from 1.1 x 10° for the
low-vielding BK2 well to 4.6 x 10 " for
BK1. Results from different interpre-
tative software (Aquitest, RPTSOLY,
and the fracture-characteriste [FC|
method) are reasonably consistent. The individual
BK4 test (Fig. 5C) produced a drawdown of <77 m
after 4 320 min (72 h). theoretically extrapolating
10 =80 m at 10 000 min (166.6 h), and only ~105 m
at 1 milhion munutes (<694 d or 1.9 yr)

These predicted drawdowns alter extended in
tervals still fall far short of the pump intake level
at =120 m, so that the <50 /s CD could he regarded
as a sustainable yield over a 1-2 year penod of no
recharge. For the April 1998 individual test data, a
sustainable vield of ~34 /s has been estimated for
the Boschkloof BK1 well on the basis of a <40 m
maximum drawdown (G van Tonder, 2001, in prepa
ration).

During the 2000 summer season drought in the
Western Cape. the Olifants River ceased to flow at
the Citrusdal supply pump-station. and two newly
equipped wells in the Boschkloot field were com

1€-2

5

1E4 1E0 1E1 €2 B3 1E4
Time since pumping started (min)

1E 1€6

Figure 5A4-0

Pump-testng results fram BK4 and monianng weks in the Boschiioof Seld

Figure 5A

72 h 1est mvolang simultaneous abstaction of 48 Us from BK4, 30 Us from BKTY

and 10Us from BX3
Figure 58

Log plot of BX4 apparant draw down Gala from Fig 5A above.

missioned on an emergency basis as an alternative
supply to the town. For a limited period between
January and May, the BK1 and BK4 wells were
pumped continuously at a combined rate of GO ¢/'s,
with occasional interruptions for system “teething
troubles”™. Drawdowns over this period did not ex-
ceed 90 m, which was the approximate depth of
pump installation,

Isotope hydrochemistry
Oxygen and hydrogen results

During the drilling of the Boschklool borehole BKL.
water samples were collected from progressively
deeper levels. The data show a trend of constant
60, but 8D generally decreasing with depth. The
Dedepth correlation is still tenuous, and Is mostly
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0 —e— -
g f-_. 3
.E : Figure 5C
0 e . - Companson wih earder resulls of 72 h
E a2 . 8 constant dischage CD test on BK4
= .. alone at abstraction rate of 47 Us
z ® i .\\ Orawdown histones of mondonng
i Hi RIS IS W, " OB i3 boreholes BX 1. BK3 and BK2 are also
& 199 APR 03 06 p 7L shown
< B0 | Constant Discharge Test on BK 4 t =
[TEhes 470 nd &
100
1E-01 1E+00 1E+01 1E+Q2 1E+03 1E+04 1E«05 1E+08
Iime since pumping started (min)
0 ~
. D \ 3
| : B 3
4 -
i | > _\'.A.'\.. m”
=8 ~ TN —— Comparson mih aarer results of
g S U 72 h constant dscharge CD test on
s B BK1 alone ! abstraction rate of
H L 27Us. Drawdown histories of
510 | monionng boreholes BX4, BK3 and
12 AR e B2 0 aiso shown
Constant Divcharge Test om BN )
M I 2%
16
1E01 1E+00  1Ee 1402 THe0)  1EeM 1E«0S 1EWD6

Time since pumping started (min)

a function of the deep-

est sample (169 ml. but Table 2

should still be regarded Estimated T and S values for Boschkloof wells

as significant in the

geological context of | Borehole CD | AQUITEST | RPTSOLV | RPTSOLV FC FC FC
Increasing depth into rate T T S T recovery T S
the aquifer. The de- (t's) (m’id) (m'/d) (m'/d) (md)

creasing D values with

depth probably reflect a Bx1 7 186 180 4 6E-3 145 20 1263
lessening degree of BK2 15 10 9 1.1E5 10 E 7.0E4
interaction with near- 8K3 10 4 55 10E4 6 - 1.0€-3
surface or surface BK4 28 62 0 30E-3 ] 51 1.063
walers that would carry Bxs 7 56 61 20E-3 65 87 1263
a heavier isotopic sig- BKS 8 65 6 80E4 3 6 5064
nature. The iIsotopic

Iightness of the deeper
water is therefore indicative of recharge (o this part
of the TMG Aquifer in higher and/ or colder and/or
more interfor inland settings

Isotope data from borehole water sampled dur
Ing drilling and pump-testing of five wells developed
within TMG Aquifers in the Boschkloof area near
Citrusdal (open blue squares), are distinctly lghter
in 8D and 80 than the main cluster of TMG
borehole (B) and surface water (S, R) samples ob-

tained In the wider CAGE area (Fig. 6). Most Bosch-
kloof samples, dominated by those taken from the
BK1 well during drilling to a depth of 169 m. have
670 values < 5%, and are isotopically similar to
surface water samples from high-altitude Peninsula
and Nardouw sites,

Boschkloof (BK) groundwater samples (open blue
circles in Fig. 7A) from borehole sites with collar el
evations at =250-270 m plot distinctly below the field
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Table 3
Carbon isotope results

Lab. Site Sample Location §C “c

No. No. identification lat. (N) Long. (E) ARt (m) ) (pmc)
MV83C . The Baths . - 300 200 707
UMV 1 | 3219CC 1042 | Warmwaterdoof | -32.80307 19.05527 320 1831 75519
UMV 2 BK 1 Boschidoot BK1 | -32 64211 19.09210 2%0 . 793220
UMV 3 BK 2 Boschidoo! BK2 | -32 84821 10.03314 265 1822 78.8:20
UMV 4 | 3218CA 3025 Eenceuul -32 64550 18.78667 155 1943 747219
UMVS5 | 3218DB 5108 Eberhaeser -32 63350 19.04372 220 . 86.6:20
UMV E | 3215CA 3082 Kunpe 32 67511 19.20886 720 2063 1055222
UMV7 | 3219CC 1002 | Tharskamma | -3280809 1010611 200 . $92:20

Notes

8"C results for three UMV samples were lost due 10 spit vials in the ladoratory
Sample MVS3CI was colectad ~1970-1 by Mazor ang Vernagen (1983)

of all CAGE data, with scarcely any overlap. Tightly
clustered about thelr 80 mean, the BK samples
may be compared with CAGE samples from the
>800 m clevation range, with reference to the best
logarithmic it to the full CAGE data set. In 8D ver-
sus site clevation (Fig. 78) BK samples again plot
below the field of CAGE data. with only slight over-
lap. as some CAGE samples in the 300-600 m range
have similar 8D compositions, With reference to the
CAGE best logarithmic fit curve, the BK samples
generally compare with other CAGE samples in the
>700 m clevation range, but there is a wide scatter
about the firted CAGE curve in the >800 m range,

Carbon isotope results

The radivactive environmental isotope '*C, measured
as percent modern carbon (pme) relative 1o a stand-
ard, forms naturally in the upper atmosphere
through the reaction of neutrons and nitrogen, As
with trittum ('H), its concentration has been affected
by thermonuclear bomb testing in the upper atmos-
phere. '"'C in groundwater is the result of dissolu-
tion of atmospheric and soil layer CO,. Once car-
bonate species move below the water table, "'C de-
cays and there are no new sources, but minerals
containing carbon may complicate interpretation. As
with trittum. the radioactive decay of '*C is used 10
determine the mean residence time (MRT) of the
groundwater.

From the CAGE “'C results (Table 3). the seven
samples of groundwater have MRT ranging from
about a few decades (Le. sample UMVE from Kunje,
a TG cold spring of probably very shallow flow path
on the eastern side of the Middelberg Pass) to some
two millennia (Le. samples UMVI-UMVA4), In gen-
eral, all the above results reflect the presence of
rather dynamic groundwater low systems.

The Warmwaterkloof sample (UMVL) i1s from a
hot spring source mixing with cold stream water on

the western side of the Olifants River Syncline, ap-
proximately 10 km south of The Baths hot-spring
resort. The mixed water has a temperature of 26.4°C,
whercas the upstream surface waler temperature
is In the range 17-19°C. Netther the hot-spring
source lemperature nor the proportion of surface-
ground water mixing at this site is known, which
complicates interpretation of the “'C result. Depend-
ing on the degree of mixing with the stream and
shallow groundwaters of more localised flow path,
the mean residence time of the hot groundwaters
could be much greater than ~2 kyr (B. Verhagen,
pers. comm. ), Comparison of this result with "'C data
from the nearby hot groundwater at The Baths
(Table 2-1) s Instructive. as the later has a lower
percentage relative 1o modern carbon

The Eendekuil (UMV4) result, which is not sig
nilicantly difterent trom the UMV sample. is from a
spring near the base of the Plekenierskloof Forma-
tion along the western limb of the major anti-
clinorium, to the north of the Pilketberg Mountain
range (Fig. 3). It is not a thermal spring, and its low
"C value perhaps reflects a long. slow flow-path from
the western slopes of the Olifantsberg range through
an aquifer of relatively low transmissivity,

Boschkloof samples (UMV2 and UMV3) are from
horeholes BK1 and BK2, drilled 666 m apart into
the top part of the Peninsula Aquiler along a major
fault zone following the contact with the overlying,
steeply -dipping (>80 ) Cedarberg shale aquitard. The
“C results for both wells, which reach different
depths (174 m and 314 m, respectively) and have
different pumping vield characteristics. are not sig-
nificantly different,

The common “C results for BK1 and BK2. and
the clevated groundwater temperatures for all three
boreholes mentioned above, establish that there is
definitely an influx of groundwater from a relatively
deep flow path into these wells. What degree of mix-
ing there may be between this deep water and cooler
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water of more localised ongin, encountered at shal-
lower strikes in the fractured rock aquiter, is a pos-
sible complicating uncertainty for interpretation of
the “C.denved MRT. The possible recharge area for
groundwater [ollowing the deep flow path s ~40 km
distant in a south-easterly direction along the main
fault zone. which forms one of the stramds of the
TLM hydrotect.

The Ebenhacser and Tharakamma samples
(UMVS and UMV7) are from locations along the
south-eastern side ol the Olitants River valley, the
former representing a borehole sample from the
Nardouw aquifer. and the latter sampled from an
artesian borehole in the Peninsula aquifer. The '*C
results are practically identical, and indicate a resi
dence time measured in centuries. Although the
groundwaters from these sites have normal tempera-
tures in the range 21-23°C. the radiocarbon results
indicate that they have probably followed extended
flow paths of intermediate depth.

The §°C results for lour of the seven UMV sam-
ples (Table 3) indicate that there is relatively little
involvement of carbonate mineral reactions along the
groundwater low paths, which is as expected in the
highly siliceous TMG context,

Conclusion

The discovery of dramatically increased groundwater
vields below a entical “threshold depth” is crucial to
future exploration and drilling strategy in the
Citrusdal region and elsewhere in the Western Cape.
The potential added value 1o the water resource de-
velopment and planning in the Western Cape war
rants further scientific investigation.

The Isotopic lightness of the deeper water s in
dicative of recharge to this part of the TMG Aquifer
in higher and/ or colder and/or more interior inland
setrings and support the conclusion that the deep
confined Peninsula Agquifer is a regional aguifer with
active recharge.

Current usage of the boreholes during and fol
lowing an extremely dry period Indicates that the
vields recommended after wellfield testing are sus
tainable.
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Case Study:
Hex River Valley

P Rosewarne
SRK Consulting Engineers and Sctentists, PO Box 65824, Roggebaal 8012, South Africa

Abstract

The Hex River Valley s sttuated In the syntaxis area of the Cape Fold Belt and is sttuated
astride the N1 between Worcester and Touws Rivter. The area s one of the major centres of
export table grape production in South Africa, with some 3500 ha under cultivation. The vines
and assoctated citrus trees requlre trrigation during the hot, dry summer months. The estimated
requirement of 30 million m'/a is derived from groundwater (two thirds) and surface water (one
third). The groundwater s mainly derived from the Table Mountain/ Bokkeveld Group Aquifer
system, via some 450 deep production boreholes. In years with below average rainfall, some
areas of the Valley experience a decline in borehole yields and groundwater quality. The vines
are sensitive to salinity. with the recommended upper iimit for irrigation water being S0mS ./ m.
Since the early 1960s, numerous hydrogeological tinvestigations have been carrted out atmed at
conceptualising groundwater occurrence in the Valley and quantifying avaldable groundwater

resources. This paper glives an overvdew of the current understanding in this regard.

Introduction

The hydrogeology of the Hex River Valley was exten-
sively investigated by the Geological Survey and
Department of Water Affairs during the period 1960
to 1980. The investigations were initiated in response
to detertorating groundwalter quality in parts of the
Valley. The Valley is mainly concerned with export
table grape production and there arce <3 500 ha un-
der cultivation. The growing season coincides with
the hot, dry summer months and the vines are irri-
gated with surface and groundwater. the latier pro-
viding about two thirds of the average requirements
of 30 milllon m*/a, The vines are sensitive (o salin:
ity and the recommended limit for EC of irrigation
water is 80 mS/m. However, much of the ground-
water occurring in the Valley is above this limit

Geology

The Hex River Valley has developed along a synclinal
fold axis developed in rocks of the Table Mountain
Group (TMG) and Bokkeveld Group (Fig 1) Within
the accessible parts of the Valley. only the Bokkeveld
Group and the Nardouw Subgroup of the TMG are
represented. The Cedarberg Formation forms a
prominent marker band in the Hex River Mountains
and presumably acts as an aquitard between the
underlying Peninsula Formation and the Nardouw

Subgroup.

021421 TI82; fax (021) 425-4648;
cmatl: proseuames srk.oo 2

Extensive alluvial deposits cover the valley floor
and Nlanks. These range from thick (<60 m). coarse
alluvial fan deposits along the northern and south-
eastern flanks of the valley to finer river alluvium in
the central arcas. The various alluvial types are
shown In Fig. 1.

Hydrogeology

There are two aquifers present, the TMG/ Bokkeveld
Group fractured aquifer system and the overlving
alluvium. The former Is the most important in terms
of recharge and direct groundwater abstraction and
of the order of 20 million m’/a is abstracted from
about 450 production boreholes, A feature of the
valley Is that most of the production boreholes de-
rive groundwater from the Bokkeveld rocks, although
the main source of recharge is rainfall on the TMG
rocks of the Hex River Mountains, during the winter
rainfall months. Part of this groundwater then flows
into the main abstraction area of the Valley under
natural gravity and induced head differences caused
by pumping. Borehole hydrographs show that there
is generally a steep recovery of water levels during
the rainy season, especially on the northern flanks
of the Valley, but that this recovery is relatively short-
lived (Fig. 2),

Alluvium dertved from the TMG is an important
reservoir for groundwater storage and of the order
of 5 million m*/a of this groundwater leaks into the
underiying TMG/Bokkeveld Aquifer during the
pumping scason (Rosewarne, 1981). There is little
direct abstraction of alluvial groundwater. Alluvium
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Figure 1
Hex Rwver Valey. Geology

derived from the Bokkeveld Group rocks and mixed
sources contains saline groundwater

A feature of the Valley is a tongue-shaped in
trusion of brackish groundwater (EC >80 mS/m)
originating from the Bokkeveld rocks in the ecast
and extending as far as Orchard (Fig. 31 The bounda
ries of this zone Muctuate according to recharge and
groundwater abstraction patterns, extending further
to the north and south-west in years of low rainfall
The best quality groundwater originates from the
I'MG Aquifer, where EC is <10 mS/'m

In vears with above average rainfall, there is
enough water o meet demands throughout the Val
ley. However, lollowing below average winter rains,
cortain arcas expericncee a drop in borchole yvields
and deteriorating groundwater quality. In this re
spect there is an uneven distribution of groundwater
in the Valley rather than a general shortage. The
arcas experiencing shortages are generally those o
the south of the Hex River and o the north-cast ol
De Dooms. The reasons for the above shortage are
a combination of the main recharge arca being the
Hex River Mountains, lack of saturated alluviam and
poor water quality.,

It 1s clear from past records and experience thalt
total recharge to the Valley 1s not sufficient in “dry”

vears to meet demand for groundwater under the
present system of abstraction. However, the total
potential recharge to the Valley probably is.

Looking at borchole water level records, 1t ap-
pears that boreholes on the northern flanks of the
Valley fully recover cach year no matter what the
rainfall, while those in the central and southern ar
cas do not and show continual decline in response
to below average rainfall. There Is nothing practcal
that can be done o improve the performance of the
latter borcholes and, in terms of a groundwater
management plan for the whole Valley, reltance on
these boreholes should be phased out (Rosewarne,
1997).

There s a relatively narrow zone of low drought
risk north of the Hex River and paralieling the Hex
River Mountains, Moving in a southwards direction
the risk increases through medium to high, and very
high in the central/castern but Largely unprodue
tive area ol the Valley. The medium risk areas will
mainly be allected by decreased yields, while the
high risk arcas will be affected by both decreased
viclds and detertorating water guality
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Borehole hydrographs

Groundwater management

The management ol groundwater in the Valley is
currently done on an individual farm basis. with the
~ 450 production boreholes pumped on an ad hoo
basis and no metering of actual amounts pumped
To obtain the optimum assured vield from the agul-
fers. a first prerequisite is that the Valley is treated
as a dependent unit In terms of groundwater man-
agement. A second prerequisite is that ground and

surface water are managed on a conjunctive basis
so that the separate yields of the former can be re
placed by the larger and more economic joint vields
ol the latter,

The main components of a groundwater man-
agement plan in the Valley concern determining the
optimum network ol high viclding boreholes, artifi-
ctal recharge and importing groundwater from out
side the main Valley catchment
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Maximum mutual interference between pump-
ing boreholes occurs in a NE-SW direction and a
spacing of =500 m should be allowed for between
boreholes in this direction. The restructuring of the
network of production borehaoles will not necessar-
iy increase the annual vield potential of the agu
fers but will provide a more assured vield, with all
abstraction taking place within the low risk drought
hazard area.

If the figure for annual groundwater abstraction
estimated by Rosewame (1981) of 20 milllon m” iIs
accepted as a reasonable “average”, then this could
be taken as the baseline annual vield of the Valley
Ihis would require a network ol 250 borcholes in
the low risk drought hazard area, pumping at 5 /s
during a six month pumping season

Recoverable artificial recharge potential is esti
mated at 7 milllon m'/a. once the avatlable storage
has been filled. The tme required for this will de
pend on surplus water avatlability. recharge rates
attainable and natural losses from the system

In terms of imported gronndwater, it Is estimared
that there is 10 milllon m* available from the catch
ment below the Roode Elsherg Dam and 25 million
m’ from the catchment of the Amandels River, These

map. Summer 1560

Hgures are based on surlace arcas of TMG and
cquivalent recharge rates as estunated for the TMG
ol the Hex River Mountains (Rosewarne, 1997). The
latter figure takes Into account summer surface
water flows and so should represent sustainable
vield without reducing summer low flow for surface
walter

Conclusions

The main conclusions 1o be drawn from this case
study are as follows:

. here are approximately 450 production bore
holes abstracting about 20 million m'/a to i
rigate 35 500 ha of vines and citrus

. Factors constraining groundwater use amnvd de
velopment under existing management conddi
tons are shale barriers within the TMG, spac
ing ol production borcholes, areas of unsatu
rated alluvium and poor groundwater quality
in the east and north-east

. Ihere 1s a relatively narrow zone of low risk
drought hazard north of the Hex River, sub
paraliel to the Hex River Mountains, The risk

181




Part 6 Case Stuges

increases to the south and east through me-
dium to high and very high, although the lat
ter area is largely uncultivated.

. There is about 16 milllon m”* of storage avail
able in alluvial fans for artificlal recharge. Of
this, possibly 7 million m"/a could be recov
ered either directly from alluvial boreholes or
indirectly by leakage into the underlying TMG/
Bokkeveld Aquifer.

. Artifictal recharge could decrease the high risk
drought hazard area by about 1 700 ha.

. There is an estimated 10 milllon m” of ground-
water avallable in the catchment below the
Roode Elsberg Dam and a further 25 million
m’ from the Amandels River catchment,

. Under the present situation of management of
groundwater on an individual farm basis, there
15 no prospect of significantly increasing over
all avallability of groundwater and a significant
part of the Valley falls in the medium to high
risk drought hazard arcas.

. If the Valley is managed as a dependent unit,
then there are sullicient groundwalter resources
o meet demand even in “drought”™ situations:
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Groundwater Prospecting on Verlorenvalley 334,
Between Ceres and Touws River, Western Cape,

South Africa

CJH Hartnady* and ER Hay
Umvoto Africa o, PO Box 61, Mubzenberg 7950, South Africa

Abstract

Hydrogeological prospecting around the Table Mountain Group (TMG)-Bokkeveld contact on the
northeastern side of the Hex River mountain range produced a major grounduwater strike of
>60 s alr-lft blow yield. Previous developiment had focused on the Bokkeveld regolith aquifer
and the immexdiately subjacent contact zone, close 1o the existing valley agricultural develop-
ments. In order to improve the hydrochemical character and dry-season sustainability of the
groundwater development, an alternative exploration strateqy was proposed. The new VVI deep
well (<250 m depth) targeted a deeper. more productive aguifer within the Skunoeberg Forma
tion close 10 a WNW ESE striking fault, connected via other major fractures (o a high mountain
recharge area along the Hex River summit range. Lithological and geophysical logging of the
completed well, together with rest water levels recorded during drilling, showed that the <15 m
thick, hitherto formally unrecognised, Verlorenvalley carbonaceous shale bearing member at
base of the Rietolet Formation, ts an offective confining mint-aguitard above the main Skuneeberyg
Subaquifer. Because. for logtstical and economic reasons, much TMG groundwater development
has jocused only on the uppermost TMG close (0 Bokkeveld based agricultural lands, the de
tailed hydrostratigraphy and aquiferaguitard structure of the ~200 m thick Skuneeberg Rietolet

tnterval (s of reglonal hydrogeologioal mportance i the Western Cape,

Introduction

In late 1998 the New Farmers Development Com
pany commissioned an evaluation of the ground
water resources of the farm Verlorenvalley 334 (also
known as “Verlorenwvlel™). situated between Ceres and
Touws River along the R46 main road (Fig. 1). The
evaluation (Umvoto, 199%9a-¢) involved

. a hvdrocensus survey and water sampling over
the farm and surrounding properties covering
an area of ~280 km*:

. a hydrogeological review and sustainability as
sessment of existing well-field vields through
pump-testing of selected existing boreholes fol
lowed by a programme of water-level monitor
ing through the growing season; and

. recommendations relating to the potential lor
further groundwater development

Verlorenvalley s a deciduous fruit farm dependent
on groundwater to a considerable extent since flood
hvdrology dominates the surface water flow patterns.
The main focus of the evaluation was to provide a

* To whom all correspondence should be adddressexd
MO21) 788 8031 fax (02]1) 7886742
Eoomadls CRris 2 ummisso. oo

hydrogeological model for the larm, prepare a sus.
tainable well field and conjunctive water-use man-
agement plan. with emphasis on locating the most
favourable aguifer at depth and on selecting one or
more new targel well-sites

The investigations culminated in siting. drilling
and geophysical logging of a single borehole in the
southwestern part of the property (Figs. 2 and 3).
The VVI1 well was targeted at an evident fault struc
ture, to intersect it in the range 200250 m within
the central fractured sandstone aquifer of the up
per TMG. Smaller water strikes providing a cumn
lative air-lift blow vield of ~10 /s were achieved a1
relatively shallow depth, but the main strike occurred
only at a depth of ~235 m. A blow yield in excess of
80 s was therealter achieved.

Physiography and rainfall

Verlorenvalley is sitnated <150 ki inland from the
coast and landward of the regions highest moun
tain range. the Hex River mountains (Fig. 1) The
highest mountain in this range s Matroosberg
(2 249 m) and a prominent ridge known as Sonklip-
rug extends from this summit o a local prominence
(1 422 m) ~2 km southeast of the Verloren Valley
homestead (Fig. 2), The arca is one of strong topo
graphic and climatic gradients between the Medi

183.




“rnce £
—

LocChr f e Vernoran Valey orovwact aréa on e novthaasterm and of the Hax Hiver mourians he area v-'""q')',hl,]{ Dox

eas! of Ceres and novth of De Doons) Wk m by g ¢ rocks of the Nardouw Subgrowp (Aghter stppled unt.
anotated Sn). bounded on the north by dormmantly shaly rocks of e Ceres Subovoup. Bokkeveld Growp (annciated Dl Other
pgras unts $how 5 B4 W oeolog ap rendy ne Maimesdu Nm). Perwsula Formaton (Ope
Yaouw Subgroup (Bokkevely OF and eoerg Growe 1Ow | hare 1s an enechalon array of faults betwaan e southem pan
the Verkoren Valey area (Bokkorywgr) and the Groanho! Faull between Prnce Alfrod Hamiet and Cores.  Another shomey fault
f ST Ik énlers Me Novinwesiam comer of the Wrlovan W%y aea
terrancan zone over the Hex River mountains andd 1w mwean annual evaporation (MAE ) in the east
the Karoo arid zone further inland. The lowest poit ern subcatchment arca (JI12A) is 1690 mm (Midgley
s the property s at ~H80 m on the S alblaarmiviers et al, 1'™M, map 2.30 This high rate of evaporation
stream (Fue 30 This stream, @ tributary of the Touws s caused by the and conditions within the Karoo
River, enters the property al s southwestern oor arca
ner at <1 150 m, and the main arable par

valley lie below 1 050 m ) Hydrostratigraphy

April to September is the main persod of ratnfall

which accounts for 75-78'% ol the annual precipita e farm is underdain mainly by lormations of the
tion. This rainfal wssociated witl yeasonally cool lowver Bokkeveld Gy up (Ceres Sy bgroup: D on Fig. |
winter) temperatures ontributes o the rechuarge and units D y Dby oy Pl 2 vith & thin Iringe

both surface and groundwater. Discharge Cur he uppermost TMG (Rietviel Fo iion of the Nar
during October 1o May when evapotranspiration | douw Subgroup: Dr in Fig. 2) along its southern
hagh boundary on the right bank of the Smalblaar River

The southeastern sicdhe of the far occurs within Fig : The pee l‘-','. of the arca Is ¢« H:lx;:‘r‘.’ul sively
bt 12A subcatchment. dran g Into the Sn tles hed by Gress« ! Theron 992 and con
blaarrivin v Bokkernivier i s he Touw ered in the |:250 000 -scale mayj mpiled by Gresse
River. The mean annual precipita n IMAP) tor this 194975
subcatchment is 437 mm (Midgley et al 4 A superlicial aguifer, consisting of unconsolidated
P 5 The western side of the tan oCeur within vluvial POsits ar da H5M-100mthick fractured
the H20C subcatchment, dratning it he Spekrivies imd weathered w “regolith aver Bokkeveld
tributary { the Hex River. MAP lor this catchment sira together with the P ™G contact zone o
irea Ik 64 ! Midgley et a M, p. 5.4). Mod the Rictvicl Formation, had been the main locus
isohyets based on precipitation-elevation relation previous well-lield development close to the orchard
show that MAP over the tarm averages GO0-7040 wreas (Weaver, 19951 Boreholes were drilled
il over he Hex Rive ountains to the south 1t maximum .|'; ho lhem t Nt 13 diacent
exceeds 2 OO0 mm the “Geceldam CSCTrvVo Fu
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Figure 2

Annctaiad aenal phofograph
nlerpresed with au 1OoW rea e
and jomtvaciure /hin red o) iraces,
covermyg ared box-oulined v Fgure )
Table Mountan Group (Navdouw
Subgroup) unis annotated witin the
Somipng mountan range are the
Goudvy Formation (Sg). Skuraeber
Formaton (Ss) and Rietvey Formaton
(Dr). A conspicuous vegetated 2000
marks the Ss-Or contact Boskeveld
formavons (Slue tne boundanes)
shown ave he Gydo shale (Dg), whch
underkes the developed agroulurd
lands aiong the Smakiaar Rwer
valey. he Gamia sandstone (Dgal
Woorsiahosk sthae (Dv). and Hex
Rwver sandstone (Dn).  Pant of the
Grosnhot-Bokkenwer faut 2008 [not
maked) & exposed i the deep EW-
[rénang vinkey aong the southen
Dorder of thes photograph. A
sutiparadal WNWESE-sting faut
branches from the narthem part of the
Qe NE'SW-siriung Kianbevg Faul
and formed he man siucturd) target
for & new deap borehols on Verkven
Valey (blue mangle) at eage of

ploughed onion felds (conspreuous
e a0,

Below the superficial or regolith aquifer zone,
the bedrock hydrostratigraphy (Al-Aswad and Al-Bas
sam. 1997) consists of thick-bedded, quartzitic, frac
tured-rock aquifers thin-bedded
siltstone and shale-bearing aquitards (Table 1) In
the Verlorenvalley area, the thickest fractured-rock
unit. the Peninsula Aqguifer
cliffs along the

separated by

is only exposed in steep
I
and is located at oo greal
1o be
accessible, at least under current limitations of South
African groundwater drilling technology

upper reaches ol Bokkerivier
(southern part of Fig, 2)

a depth 1~1 km) heneath the larm property

1)
~200 m estimated depth

he higher Skurweberg Subaquiler (Table
however, Is located at only
beneath the farm, Consudering its rugged, fracture
controlled microtopography on the northern slopes
of the Sonkliprug. and widening area of high alt
tude outcrop towards
Fig

It therefore became the deep groundwalter

the higher rainfall areas to
the south-west
mificant

2), its recharge potential Is sig

target of cholee in this particular arca

A schematic structural cross-section (Fig. 4). onl

NW/SE

Verlorenvalley property

ented roughly was prepared through the

in order to clarify the sub

surface geometry of the .u|n||m~. |.|p|n-rl by varous
borcholes on the property

Hydrocensus survey and hydro-
chemistry

Belore any new groundwater targeting was consid
cred hvdro

2R0)

a systemabtic and reglonally extensive
vey was undertaken

around the larm

CCNsus sur wer an area ol

Km
A total of GO boreholes and springs were located

andd routine Information, such as co-ordinates, wa

ter temperature andd other physical properties, wa

ler usage, equipment, pumping rates, borehole drill-

ing details, et was gathered. Wherever possible

rest water level in boreholes was measured and a

lean waler sample was collected, Samples [rom 54

it of the 60 boreholes were submitted o the CSIR

and analysed for calcium, magnesium, sodium, chilo

rides, sulphates, bicarbonalte, fron, manganese, and
for trace amwounts of strontium. Laboratory mcas
urements were also made lor eles trical « |l|||||l vty
F.( . PH. saturation pH ial dissolved solids (TDS)

and hardness




Part 6 Case Suoes

Table 1
Coincident Units of the TMG
(Verioren and Mountains area)
Superunits Units Subunits
Gyoo Mega-aquitard
Retvies Subaquiter
Nardouw Aquder Verorerraaliey Mini-agqutad
Skurweberg Subagquder
Table Goudre Meso-aquitard
Mountan
Superaquifer Pakhuis-Cedarberg Meso-aquitard
Peninsula Aguifer (n0 subunits)
Saldanan Aquiciude (Maimesbury Group and Cape
Granne Sute)

The hydrochemical data showed that the ground
water is being drawn from two distunct agquifers. Of
the thirteen wells, four (Nos 6, 9, 12, 13; Table 2
and Fig. 3) supply groundwater that s relatively low
in EC, TDS, trace amounts of Sr (<0.1 mg/f) and
- No. 6 excepted - a low Fe concentration (<0.5 mg/0.
Chloride concentration ranges from 20 to 28 mg/(
The wells In this set predominantly Intersect and
draw water from the TMG (Rietvlielr Formation). The
anomalous Fe concentration in the sample from
No. 6 may be due 1o this being only dry. non-arte-
sian well in this set, and could indicate contamina-
ton In a static water column.

The remaining nine wells are characterised by
higher EC. TDS, Fe and Sr > 0.3 mg/¢, except for the
Geelpomp sample, which is from a site (Fig. 3, No. 2)
close to the mainstream channel. Chloride concen-
tration ranges from 32 1o 300 mg /L These wells are
drilled Into the Bokkeveld regolith aguifer beneath
a thin cover of alluvial sands and gravel. The con-
trast in water chemistry between the two sets of
samples indicates that the wells collared in
Bokkeveld have not penetrated the TMG o any sig
nificant depth. The TMG-like Fe and Sr concentra-
tons in Geelpomp are probably due to recharge of
evaporated TMG-derived groundwater from the over-
Iying alluvial aquifer along the valley axis.,

The hydrophysical and hydrochemical data from
Verlorenvalley (Table 2), placed within the wider re-
whonal context, conlirmed the decision based on other
hydrogeological considerations to focus future
groundwater development on the deeper Skurwebery
Aquifer.

Hydrotectonic interpretation

A systematic photogeologhcal analysis (Fig. 2) of 1987
acrial photography. supplemented by the carlier
photogeological map by Newton (1975), was used to
map the boundary between the Skurweberg and

Rietviel formations in the Nardouw Subgroup (TMG),
where it crosses the Laaste Drift property, south of
Verlorenvalley. The stratigraphic subdivisions of the
lower part (Ceres Subgroup) of the Bokkeveld Group
were also mapped along the northern side of Ver
lorenvalley (Fig. 2).

In the aerial photographic interpretation (API),
spectal attention was pald to the systematic map-
ping of fracture traces in the well-exposed quartaitic
sandstones of the TMG, particularly the Skurweberg
Formation. The mapped traces of two large faults,
the E/W-striking Bokkerivier Fault and the NNE/
SSW-striking Kleinberg Fault, are also prominent
clements of the reggonal fracture pattern (thicker red
lines in Fig. 2).

The Groenhof Fault near Ceres is one of an en-
echelon group of WNW/ESE-trending fractures, ar-
rayed E/W across the Ceres basin from Groenhof in
the west 1o Bokkerivier in the cast (Figs. 1 and 2).
The eastern part of this zone crosses the southemn
part of the present study arca near Matroosberg
peak. Newton (1975, p. 28) notes that the “faults of
the Groenhol Bokrivier zone ... extend across the
adjacent area .. south of Touws River, and may joint
(sic) up with the fault south of Anysberg. This would
make them part of the western termination of a major
zone of E-W faults of which the Cango fault is the
most important member™. The entire, semi-continu-
ous fault system extends for about 500 km from the
Witzenberg Range in the southwestern Cape to the
Baviaanskloof range in the castern Cape. and may
consequently be termed the "Cango Megafault™.

The Groenhof Bokkerivter zone has the typical
appearance of a “horse-tall termination splay”™ sys-
tem along a left-lateral strike-slip fault (Fig. 1). The
present APl Interpretation shows greater continuity
of the faulting, and high E/W fracture densities
within the sandstone fault blocks surrounding the
fault zone itsell. A significant fault of similar WNE/
ESE strike crosses the southern part of the Verloren-
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Topographic semng of Veroran Valey pvopedty (dashed Ane boundavy) on @ 20 m alevation confour map

The novthen spur of the steep

Sontiprug extends 1o the eastem boundary of the farm. and the slope break between narrow and wide contour Spacng ganerally conces
with the Skurmaterg-Rietviel (Ss-Dr: Fig 2) contact. Symbols numbered 1-12 rapresant the pre-exsiing borahole sies ing on the Riefvie-
Gy contact (Nos 9, 13, 6 and 12 from east 10 wes!) or north of £, generaly withn akvial deposits overing the Gydo Formanon. The
damond symboy marked VV1 repvesonts the st of Me new 237 M-deep borehole. dalled fram the uppermost part of the Rietvier well info the
Skurweberg Aguiter, in the footwall of the fault mapped in Fig 2.

valley farm in the area of the “onion fields®™ (white
arca on Fig  2). It extends westwards across the
southern part of the Sekelkoppe and may be con-
tinuous with a larger fault zone mapped across the
area just south of the Theronsberg Pass (Fig. 1),
ANE/SWestriking fault structure crosses the arca
along the Sonkliprug (Fig. 2), and is continuously
traceable from Kanctvlei in the south-western part
of the Hex River valley, where a substantial fault

breccia zone occurs in the valley leading up to
Kleinberg (Topo Sheet 33 198C). This Kieinberg Fault
apparently displaces the hinge-line of the major
syncline hortzontally in a right-lateral sense, Le. the
SE fault block has moved southwestward.

The Kleinberg Fault and assoctated subparallel
faults evidently represent an important “transfer
zone”, through which substantial displacement on
the Touws River Bokkerivier segment of the Cango
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NW SE
Smalblaarrivier Valley Area of groundwater
recharge
Low transmssive Uncontned Se
wjuifer albuy il aquifer e A —
Proposed hole /l'_n\ nfined lq'.ll"‘l\
.
. / &

Nerdouw Group sandstones

&

Bokkevela shales
and sitstones

Aquitard o b
e Qv 1"-/" y
-

‘onfimed aquuter of®
o
f ¥
Comtact bataeen shale - "",,A-'f"‘ Figure 4
and quartate dppng >
20-25 degrees norh Schematc cross-sechon across the Sonkiprug and Smadlaarmier

valey. emphasing the break » sope marked by occasional seep
Zones &l the Skurweberg-Riaiviel contact, dscovensd dunng drifing
ang loggng of well W1 flonger thick verca! ing) 1o be due fo & black
shale-bearng mnvaguiard member  Also amphasisad & the low-
frangmissnve regolth” aguior farmed by a fractured-and-weathered
20ne within the Bokkeveld Group beneah the valley and on i
northem siapes  Earder boreholas (shorer thick venical ine) targeted
his aquifer, and are recharged mamy by infilration from the overying
aluval capostts ang by overfiow or reyecied racharge” from the
Nardouw aguifers on the southem siopes of the valey

Table 2

Summary of borehole and hydrogeochemical Information on Verlorenvalley
Borehole Site Depth Date Blow | Estimated| Rec. EC T0S Fe Sr

10 (m) yleld | Artesian | pump | (mSim) | (mgl) | (mg¥) | (mgl)

No. (Us)* flow rate

(Fig. 3) (0s) (us)

TMG wells
Geeddam 13 156 1997 6 20 50 10 64 01 <0.05
Kiootgat 12 100 ? - 05 57 12 m 02 006
17 Hectare 9 134 1997 ? 025 5 13 83 04 006
Kipoat " ? ? . 0 . 16 102 124 010
Bokkeveld wells
Fontenbult 1 93 ? . 0 nd 27 173 10 034
Woltemade 7 125 1997 " 0 150 2 186 € 030
Granslyn 10 7 ? . 0 102 K 1] 192 8s 040
Drinkwater 4 a3 ? 0 nd 53 339 03 060
Geelpornp 2 9 ? . 0 27 58 n 04 0.08
Volstruis 8 124 1997 2 0 66 65 415 14 n
Wilowtree 1 123 ? . 0 75 76 435 08 1.10
Qaktree 3 134 1097 6 0 ng 146 a3 102 0.9
Appelkoos 5 ? ? . 0 nd 158 on 16 1.66
"Bow-yeld information lor 1997 provided by drilng contractor
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Megalault is absorbed and relayed o the westerly
continuation of the Worcester fault and to the set of
cin-echelon faults striking WNW/ESE across the
Kouebokkeveld Mountains from the Theronsherg
Pass arca, northeast of Ceres (Fig, 1)

Groundwater targets

The focus of the geological Interpretation was to de
Imcate areas where the main TMG aquifer in this
arca (Le. the Nardouw Aquifer and its deeper com-
ponent Skurweberg Subaquifer) is economically ac-
cessible from the surface within the boundaries of
the Verlorenvalley farm. Cost limitations placed a
pracuical mit of <250-300 m on the maximum depth
of a new borehole,

atterns of surface water drainage and ground-
water levels suggest that groundwater in the TMG
flows mainly in a NNE to NE direction. Some frac
tion of it discharges into the “regolith aquifer™ of the
Hokkeveld Group. into the alluvial aquifer and, by
means of springs and seep flow along both the
Rietvier-Gydo and Skurweberg-Rietviel contacts, into
the Smalblaar River.

A detailed compartson of the rainfall data with
yields of boreholes on the farm (Table 2 and Fig. 3)
and a study of surface discharge shows that recharge
to the aguifer in the upper parts of the J12A sub-
catchment area is greater than that due to infilltra
tion alone. The additional recharge Is considered to
come from the neighbouring H20C subcatchment,
crossing the watershed divide at depth by means of
major faulting and fracturing within the Nardouw
Subgroup, which has a total surface area of ~55 km’.
The extended recharge area covers an arca of 46
km’ and is located within the mountainous region
to the southwest of Verloren Valley.

Four prospective borehole sites were pegged but
only one was drilled. This was priority target TI
(Umvoto, 1999d) sited on an ~E/W-siriking fault, to
he collared in the topmost part of the Rictvlel For-
mation. The required minimum depth of the borehole
would be <250 m to access the footwall side of the
steeply SW dipping fault, where it transected the top
part of the Skurweberg Formation.

Drilling results

The "T1 target”, near the existing “Kloolgat™ borehole
INo. 12, Fig. 3 s located along a signiflicant ~E/W
striking fault that may in fact be continuous with
another fault zone in the Theronsberg Pass arca
(Fig. 1), showing cven greater displacement. This
fault s connected also o the northern part of the
NE/SW-striking Kleinberg Fault. Together these two
structures are considered o provide a preferred
groundwater pathway of higher hydraulic conduc-
tivity, leading from the higher parts of the Hex River
mountain range near Matroosberg down to the up-
per part ol the Smalblaarrivier valley.

The particular site and depth of this proposed
borehole was dictated by its main objective, e, that

the borehole should pass through the faull zone
and intersect the highly fractured part of the
Nardouw Aguifer on the northern or footwall side
of the Ll The targeted part of the aquifer was
preferably below the contact between the Skurwe-
berg and Rictviel formations.

The borehole was collared with an initial diam-
cter of <240 mm (~9.5 inches) in the topmost part
of the Rietviel Formation, not many metres below
the Bokkeveld contact. The Rietviel thickness in this
arca was estimated at ~200 m (Umvoto, 1999, p. 41),
and the dip angle of the strata is ~25°. Consequently,
the required minimum depth of the borehole was
forecast at ~250 m, in order to properly access the
top part of the Skurweberg Formation.

Immediately prior to the drller’s establishment
on site, reference vertical electrical soundings (VES)
using the Schlumberger array method were under-
taken over the target (Umvoto, unpublished results)
to allow for possible siting refinement. The sound
inggs showed a fall from a maximum apparent resis-
tivity of 10" Qm at 10 m depth in the dry unsatu
rated sand and weathered overburden to a mini-
mum of ~450-500 £im at 50-70 m depth. Thereal-
ter apparent resistivity rose to <2000 Qm at 250 m.
These results actually gave no support to the
Skurweberg target concept. Alter drilling and geo-
physical logging of the VV1 borehole. the observed
VES minimum was found to correspond roughly (o
the contact between the thin bedded, shale bearing
upper member of the Rietvliel Formation (where
downhole resistivity measurements fell to <200 2m
around 7577 m depth) and the sandstone-domi-
nated middle Rietvler member below 84-85 m
(Fig. 5).

The possibility “that the drill may encounter high-
yvielding fracture sets within the middle and lower
parts of the Rietvlel Formation. and that the need
for drilling deeper may thus be obviated® (op. cit.,
p. A1) was considered in the target recommenda-
tons. Water strikes yielding up (o 12 €/s during air-
Wit blow testing by the driller were in fact found within
fractured parts of the middle Rietvliel member at
around 135 m depth, but did not distract from the
decper and potentially higher vielding objective
within the Skurweberg Subaguiler.

Between 166 m and 181 m (Fig. 5). the geophysi-
cal logs show a zone of vanable but localised dis
tinctively low (<350 Qm) resistivity, which the
downhole video-camera record showed to be pro
duced by layers of black shale up to ~2 m in thick-
ness. Although thin (15 m total), this lower mem
ber. here provisionally identified as the Verloren-
valley Member and Mini-aquitard (Table 1), is an
important hydrostratigraphic boundary. When the
Al passed through this interval the rest water level
in the borchole suddenly dropped from <10 m be
low surface o over 20 m, indicating that the poten-
tiometrie surface for the uppermost Skurweberg
Subaquifer was lower than the (locally perched?)
water table in the Rietvlel Subaguifer.
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Withiin the upper Nardouw strata, Newton (1975,
p. 24) previously identified an extensive, photo-
geologically mappable unit, which appeared “more
susceptible 1o weathering and erosion than those
above and below, with the result that it forms a
shghtly negative topographic feature™. This “soft
band” separates Rietviel sandstones from Skurwe-
berg sandstones over a wide arca in the Hex River
valley, the Waboomsberge south of Touws River, the
Langeberg, and extends also o the Kammanassic
area cast of Oudishoorn. The distinetive, vegetated
and topographically recessive zone is also visible on
acrtal photography of the Verlorenvalley region
(Fig. 2), The VV 1 drilling results show that this thin
unit has regional hydrostratigraphic significance as
an effective aguitard separating distinet subaguifers
within the larger Nardouw Aquifer (Table 1)

Below 181 m depth the drill passed through tight,
relatively unfractured. quartzitic sandstones for over
50 m, provoking some tension aboul the wisdom of
proceeding decper in the section. In this stratigraphic
interval the neutron-neutron log. an Nverse proxy
for porosity. shows a rising (decreasing water con-

tent or porosity trend from ~1 500 counts per sec-
ond (cps) 1o ~1 750 cps at ~230 m. The BRD density
log rises above 2 600 kg/my’, suddenly falling to ~2
000 kg/m' on entering the deep water sirike al
235 m. At this point the NN log plummets precipi
tously from >1 500 cps 1o <1000 cps (Umvoto, un-
published data).

Conclusions

Alter intersecting a highly (ractured, relatively po-
rous zone at a depth of <130 m within the middle
Riewviel Subaquifer. which produced a driller’s blow
yield of <12 s, the VVIE well might have been con
sidered “successful™, and could have heen termi
nated at that stage, However, thils well and (s asso-
clated drilling strategy had been carefully designed
to achieve a specific hydrostratigraphic target in a
particular structural context, which would only be
encountered after a further 100 m of drilling.

The achievement of a very high yvield within the
specified target zone justified this relatively high-
cost and high-risk exploration strategy. The history
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of water level fluctuations during doilling,. and a com-
plete video and geophiysical logging of the borehole
revealed the hydrostratigraphic importance of a rela-
tively thin (<15 m) contact member at the base of
the Rietviet Formation, In this area. and elsewhere
within the Cape Fold Belt (udging from the exten-
sive photogeological mapping of this same “soft band”
by Newton, 1975), the Verlorenvalley mint- aquitard
s expected to play an important controlling role on
present and future groundwaler developments
around the usually accessible TMG-Bokkeveld con-
tact zone, which is generally an arca of great agri-
cultural potential and frequently close to economi-
cally significant urban populations (e.g Ceres and
De Doorns) in the country districts of the Western
Cape.

Further understanding of the hydraulic charac-
ter and properties of the Skurweberg-Rictviel inter-
val will require the systematic lthological and geo-
physical logging of other groundwater wells stmilar
in depth, structure and geological setting to the
Verlorenvalley well VVI, with a view to detailed bed-
resolution comparison and correlation.
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Experimental Deep Drilling At Blikhuis,
Olifants River Valley, Western Cape:
Motivation, Setting and Current Progress

CJH Hartnady* and ER Hay
Umoto, PO Box 61, Mutzenberg 7950, South Africa

Abstract

A deep groundhpater driliing experiment at the Blikhuls site, about 25 km north of Curnesdal on
the east bank of the Olifants River has used a combination of percussion drilling (to 300 m
depth) and diamond b core drdling (currently to over 600 m depih) 10 access the confined peart
of the Peninsula Aquifer (Table Mountain Group - TMG) along the faulted hinge zone of a major
synciinal _fold. Four experimental wells, one of which was aborted through technical proflems,
were drilled. At site BH2, away from the river bank the potentiometric surface n the Nardouw
Aquifer (<165 m depth) is below ground level. This deepest borehole started flowing when
water strikes in the Pendnsula Aquifer were encountered below a depth of =345 m. The physico
chemical properties of the antesian water differ from the shallow Nardouw groundwater. e.g. the
higher Fe content of Nardouw groundwater is distinctive, The Blikhuts borefioles BH 1, BH2 and
BHA4 provide a sultable location for jurther development of downhole experimental procedures
o quantify the hydraulic properties of TMG aquifers and aguitards, for long term moniloring of
the impacts of large scale abstraction, and for experimental practice in the conjunctive use of
surface and groundwater resources, e.q. through artificial recharge of a deeply confined hard

rock aquifer system.

Introduction

The Olfants River 1s & main waterway that flows a
long distance above the axis of a major, synclinal,
artesian basin within the TMG. the Citrusdal Trough
(Fig. 1) where an important hydraulically conduc-
tive structural feature [(“hydrotect”™) obliquely tran
sects both the deep groundwater reservolr and the
river basin. Following an artesian groundwater ex
ploration success by Umvoto in early 1995 at Thara
kamma, in the southern end of the Citrusdal Trough,
an eminent Isracli hydrogeologist, Prof. Arie S. Issar,
advised the South African Department of Water Af-
fairs and Forestry (DWAF) as follows:

“It can be foreseen that the drilling of deep wells,
of a diameter big enough to enable the pumpage
of large quantities of waler Is going to play an
important role in the luture development of the
waler resources of the [Rlepublic of South Af-
rica. As this requires special investments in
equipment and know how, it can be justified only
if it Involves a rather large number of wells”™
(Issar, 1995, p. 5).

* To whom all correspondence showld be addressed
MO21) 7BEBO3]; fax (021) 7886742
E mail: chriswmunso,com

More specifically with reference to the Weslern
Cape Province, he also noted (op. elt., p. 33)

“As this semi arid region is in the need of wa
ter, and most probably the solution sought will
be in the direction of bullding a new dam, it is
suggested to consider the possibility of launch
ing a regional hydrogeological rescarch project
for this region .. The hydrogeological survey will
be followed by a few deep exploration-exploita-
tion wells along major fault lines, the results of
which will be incorporated in a regional hydro-
logical physical-mathematical model. .~

Following the success of drilling and pump testing
al the Boschkloof well-field (Hartnady, 1995) between
December 1997 and August 1998, an existing bore-
hole site at Blikhuis was suggested to DWAF as one
of four possible locations within the upper Olifants
River (E10) subcatchment where deep exploratory
drilling of an experimental nature might be carried
out (fax from ER Hay 0 Z Dziembowski, dated
22/9/98),

Hydrogeological synopsis of the
Bﬁkh!ﬂll&.g‘ ynee

The Blikhuis site is perched on a high terrace over
looking the right bank of the Olifants River. approxi
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Figure 1
Structural map of the Bwhuss Expenmental Deap Drnling (BEDD) Progect sie (for ganeval locahon see Harinady and Hay, 2001b, Fig. 2in
s volume), showing patiam of faulls and Faciures crossng the man syncinal hnge 2one, and & Ine of cross-section (dagram below) through the
exstng, (e, BH1 borehole site. The ‘proposed” boretiole refers 1o the BH2 site. Further dolling Ias 8550 occuvred avound the original BH1 site,

mately 30 m above river level (Fig. 1), It les in the
central hinge zone of the Olifants River Syncline
(ORS, cf, Hartnady and Hay, 2001a). To access the
main deep aquifer in the Peninsula Formation re
quires deilling through the lower part of the Nardouw
Subgroup (Goudini Formation) and the underlying
Cedarberg and Pakhuis Formations (Fig. 2),

The site lies along the Twee Riviere-Leipoldiville
Megatault (TLM) hydrotect structure (el Hartnady
and Hay, 2001a. Fig. 4), amd recharge to the Penin
sula Aquiter probably takes place in the Middelberg
arca between the Cold Bokkeveld and Cedarbarg
mountain ranges.

Previous work

A borchole drilled In 1995 as part of a private
groundwater exploration inttiative, reached a depth
of ~220 m, but was stopped before it had penetrated
vompletely through the Cedarberg shale aguitard
This "BH 1" well (red circle in Fig. 1) overflowed in &
weakly artesian manner. and had a low driller’s aur

It blow yield of only 2.5 /s, It was subsequently
pump tested at a constant discharge rate of 5 €/,

and results indicated a sustainable yield of 5 - 8 ¢/
s (Umvoto, 1995). The slightly elevated borehole
water temperature (23°C), and the well's response
to pump testing, suggested the possibility of up
ward lcakage of deeper groundwater [rom the top of
the Peninsula Aquifer (Fig. 2)

'wo main reasons were onginally cited for using
the BHI site as a platorm lor deeper exploration in
the underiving Peninsula Aquiler

“a) This borehole ts sited in an optimum area _for
penetranng the Perunsulda Focin the cendral area
of the ralkey

bl It would establish whether the axts of the

syncline was in lUsell a target as are the
hacdrotects

(ER Hay to Z Dzoembowskl, 22/9/98). Acute chey-
ron-lolding of bedding planes in the Peninsula For
mation, where the bed thickness-to-length ratio s
large, leads 10 area change or dilation around the
crests and troughs of folds. as “saddie-reel™ open-
ings form between thickly bedded members
(Ramsay. 1967, p. 4471 If Nexural ship folding has
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Figure 2
Pretmnary Qeologicl cross-section through the BEDD Project area. based only on smited surface sructural data and showing the frue okness
and structural geomelry of the Peninsula Aguiter and e overfying confiwng aguitard unds, the possidie propection of 3 bw-angle tMrust faulf af
depth, and fauit-bend fosd complaxties in the hinge 2one which anhance permeatuity m the aguiter. The 0'm ievel on the vertica! scake refers 1o BH1
collar alavaton &l ~ 125 m above mean sea level. Dnling at BH2 shows that revision of the mfevpratiad subsurface structunal geometry s needed
and that 3 ~20 m thickness of Pakinas Formation is present between the Peninsula and Codarberg unds

occurred at shallow depths and at a relatively late
stage In the orogenic-metamorphic history of the
Cape Fold Belt, there may still be a residual high
permeability although discrete hinge-zones in the
fold axtal plane,

Current operations and progress

Overcoming the typical TMG problems of hard abra
sive rock and high water pressures requires the
development of innovative drilling techinologies, if the
objective of developing an experimental groundwater
well through the entire | 300 m thickness of the Penin
sula Aquifer Is to be attained. In order to achieve
this alm, presaged by Issar (op. cil., p. 32) with refe
rence to a “potential to get more groundwater in
depths ranging from a few hundreds of meters o
thousand meter, and even more”, new groundwater
well designs are being experimentally implemented
at Blikhuis, initially involving deep core-drilling from

the bottom of relatively wide-diameter air-percus
sion boreholes,

Original BH1 site

Clearing and deepening of the original private
borehole was undertaken in late 1999 at the BHI)
site and the upper contact of the Peninsula aguifer
was Intersected a few metres below the termination
of the old well. However, further deepening by both
percussion and core drilling proved (o be impossi
ble due 1o deviations from the vertical during the
carlier dnlling. In anticipation of the arrival of the
core-dnlling rig at Bhikhuis, an alternative site was
prepared by percussion drilling another site along
the same NNW/SSE fracture trend, higher on the
slope and some distance to the south-cast. During
the original private groundwater prospecting. this
site had already been indicated as a possible pro-
ductive target (Umvoto, 1995)
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BH2 site
Airpercussion drilling

At the BH2 experimental site (blue asterisk in Fig. 1:
lat. 32°23°42.4°S. long, 18°57'35.8°E). the new air-
percussion hole was drilled between September 1999
and March 2000, This well was collared within the
Nardouw Subgroup. close to the Goudini-Skurwe-
berg contact, with an initial diameter of 204 mm.
reducing to 165 mm at a depth of 84 m, It passed
through the transitional Cedarberg-Goudini contact
at ~160 m depth, After a further 140 m of dnilling
the chip samples showed that the borehole was still
within the dark Cedarberg shales, against expecta

tion as the regional thickness of the Cedarberg For-
mation is only ~90 m. The upper air-percussion sec-
tion of borehole BH2 terminated in black carbona-
ceous shale at a depth of 304 m (and was later found
to be within a few decimetres of the Cedarberg

Pakhuts contact).

A borehole-camera survey of the well to a depth
of 280 m was undertaken by DWAF on 16 February
2000 (B. Venter, pers. comm, ). augmented by a full
depth geophysical logging (natural gamma, sell-po-
tential, formation resistivity. neutron-neutronl. A
water quality (EC) and temperature log was also
undertaken. At this stage the rest water level was
~5 m below collar, and the airlift blow yiekd was ~2 08

The EC log showed a constant value of 18 mS/m
through the Goudini Formation. rsing to 20 mS/m
at 250 m depth within the Cedarberg Formation, A
sharp rise to >40 mS/m at ~280 m, near the base of
the well may have been due to drilling-fluid con-
tamination. The temperature log shows a steady rise
from 23.2°C at 20 m depth (~15 m below rest water
level) to 24.9°C at 140 m depth, correspornding (o a
geothermal gradient (dT/dz) of 14.3 K/km. From this
point there is a subtle inflexion to steeper dT/ de,
which is roughly constant at 35 8 K/km between
temperatures of 25.3°C at 180 m and 28.9°C al
280 m. The change in geothermal gradient coinesdes
with the Cedarberg-Goudini transition. and is con-
sistent with a change from lower thermal conduc-
tivity (K ) in the Cedarberg shales (o higher K in the
Goudini sandstone. assuming uniform heat flow
lq = -K_ .dT/dz)

There are no nearby heat-flow measurements
in this part of the Cape Fold Belt, the nearest in a
comparable geological and tectonic setting being
from four deep borcholes In the Southern Karoo,
between longitudes 21°E and 25°E., around latitude
305'S. Heat-flow 1q) values here range between 51
and 61 mW/m’, around an average of 56 mW/ m’
(Jones, 1992) If the same q value s assumed for
the BH2 site. then K values for Goudint and
Cedarberg lithologles are 3.9 Wm 'K and 1.6 Wm
'K . respectively, As the Cedarbery value is lower
than typical Karoo sandstone /'shale (2.2 Wm 'K '),
and the Goudint value Is also lower than typical
Witwatersrand quartzite (6.3 Wm 'K © Jones, 1992,
Table 2). the assumed Blikhuis g could be raised w

BO mW /m? and stll maintain the Cedarberg Goudind
K values within the Karoo-Witwatersrand range.
This comparison llustrates the need for future
quantitative measurements of fundamental physical
propertes of the TMG rock types,

In the borchole-camera survey and geophivsical
logging of the top portion of the BH2 well, the rea-
sons for the unexpectedly long section within the
Cedarberg shale were revealed, Although sedimen
tary bedding dips in exposures around the well site
were observed to be untlormly westward in the range
5107, the borchole-camera view showed a localised
increase in dip to <20° below 65 m within the Gouding
Formation. and then a broader zone of steeper dips
within the Cedarberg Formation below 165 m, gen-
erally in the range 35-60°. Evidently the borehole
had intersected the hinge zone of a concealed fold
structure, close 1o the Cedarberg - Goudini transition.
and the apparently excessive thickness of Cedarberg
shale is due 1o the increased obliquity of the angle
between the borehole and the normal to bedding.

Diamond-bit rotary core drilling

In late June 2000, diamond-bit rotary core drilling
at 122 mm diameter (NX) deepened the well through
the Pakhuis - Peninsula contact at 324 m depth, imo
compact, quartz veined and cemented pebbly sand
stone. At a depth of 333 m. drilling was interrupted
in order o insert 122 mm- diameter casing into the
well, Drilling recommenced at slightly narmower di-
ameter of 106 mm (NXC) to a depth of 349 m when
a small water strike accompanied by core loss was
made in highly fractured Peninsula quartzite. Fur-
ther smaller strikes followed between 349 m and
352 m depth, untll & main water strike at 360 m
depth. AL this point, in carly August 2000, the rest
water level rose in the borehole, and the BH2 well
became mildly artesian. Further drilling to 372 m
produced a maximum artesian flow of ~3.35 ¢/'s, and
operations were soon thercalter halted for a change-
over o the wireline mode ol core retrieval.

On 13 September 2000, geophysical logging of
the borehole was undertaken by DWAF (B Venter,
pers, comm. ) between depths of 280 m and the cur-
rent base of the borchole at 381 m. The main fea
ture of these logs is the abrupt Peninsula-Pakhuis
contact at 324 m depth. It is evident that the Pakhuis
tilite and the overlying Cedarberg carbonaceous
shale have similar geophysical properties, e.g. in
respect of nataral gamma and neatron-neutron IN-
N: porosity proxy) characteristics, and that the
Pakhuis Formation is as eflective an aquitard as the
Cedarberg. From the viewpoint of hydrostratigraphic
classification. therefore, the "Cedarberg Aquitard”
should perhaps rather be renamed the “Pakhuis
Cedarberg Aquitard™.

Within the Peninsula Aquiter. the enhanced po
rosity of the fractured zone between 345 and 370 m
depth is clearly evident in the NN Jog. The waler
strike and core-loss levels within this water-produc-
g zone are also evident in the Long range and
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Short-range Density plots (L DEN and S DEN), and
as also appear as discrete troughs in the resistivity
plot.

After casing ofl all water strikes, drilling below
381 m proceeded at 76 mm diameter using the wire-
line method of core retrieval. Further {racture in-
tersections accompanied by core loss in the 434-
444 m depth range recovered an artesian fow of
~1to 3 ¢ per minute at a constant temperature of
27.6°C (driller's own record). An apparently more
“porous” zone of sandstone was intersected between
~475 and 485 m depth. By 490 m the artesian flow
rate had recovered further o 0.31 Es (I8 &/min).
Between 528 m and 544 m a complex fault zone in
which bedding dips are stecpened to become sub
paralle] to the borehole core axis (Le. sub-vertically
dipping). was encountered. Below 500 m, there has
been no notable Inerease in the artestan flow from
the boreholeisee Note 1 added in proof).

Geophysical logging below 381 m depth remains
to be undertaken, whenever and provided drilling
operations allow (see Note 2 added in proof).

BH3 and BHA4 sites (close to BH1)

While the core-drilling rig was being mobilised, air-
percussion drilling was continued at further sites
close to the original BH1 borehole, as an insurance
against failure at the BH2 borehole. The first of these
“satellite” wells, BH3, had to be abandoned when
the wider reaming bit became jammed at a relatively
shallow depth (40 m) after the hole had first been
drilled to 80 m at a narrower diameter. A later well,
BH4, was drilled to a final depth of 195 m only a
short distance to the northwest of BIH3 along bed-
ding strike. The BH4 well yielded a major water strike
(blow yield of >50 &/s) at 81 m, apparently within
the Nardouw Aquifer.

After casing the borehole to 89 m, BH4 was decp-
ened through a faulted zone by a further 100 m.
The Cedarberg shales were not, however, intersected
in this borehole: They are either still deeper than
well bottom. or have been eliminated through loss
of ground across the fault zone, Work remains to be
done on reconciling the drilling logs and down-hole
televiewer images, with surface structural data, in
order (o correctly interpret the subsurface structure
in the BH1-BH4 area. The BHA borehole cannot be
further deepened into the Peninsula by core drill
ing, due 1o unstable drilling conditions in highly frac-
tured rock in the bottom part of the air percussion
well, and consequent deviations from verticality,

Significance for future conjunctive
use

Deepening of the BH2 experimental borehole by core
drilling continues within the Peninsula Aquifer be-
yond a depth of 600 m (May 2001: but see Note 3
added In proof). If the project Is successful in
demonstrating the presence of open. hydraulically
conductive fracturing at >500 m depth in this

location. as predicted, it would represent a break
through In hyvdrogeological understanding of the
deep confined parts of the Peninsula Aquifer.
Confirmation of this deep groundwaler resource,
and the provision of the first access well o these
depths would greatly improve the avallability of water
in the dry summer months when the Olifants River
threatens to run dry. It would also mean (hat the
information for long term planning with regard to
accessing the Peninsula Aguifer in other areas away
from the valley sides would become availlable; Le.
arcas where the Nardouw Aquifer has potential and/
or is being over-exploited could be supplemented
by the Peninsula Aquifer for environmental protec
ton or maintenance of the ecological Reserve in
surrounding aquatic systems

The Blikhuis site Is hydrogeologically significant
because of its close proximity to the full-supply-level
(FSL) limit of the extended reservolr that would re
sult were the wall of the Clanwilliam Dam (o be raised
by 7 m, as has recently been proposed in some
schemes for the further development of surface-
water supply in the Olifants River system (DWAF,
1998), A raised FSL reaching an clevation of 111 m
above mean sea level would inundate upper parts
of the Peninsula Aquifer exposed near the culmina
tion of an anticlinal cross fold on the ORS. Conse-
quently, the Blikhuis area and its immediate down
stream surroundings provide an unrivalled oppor
tunity for a hydrogeological experiment in conjunc-
tive usage of groundwater and surface water infra
structure.

It 1s therefore possible 1o envisage a future well
fleld in the extended Blikhuis-Kriedouwkrans area
of the Olifants River valley acting as an artificial re
charge source in the winter season, intercepting an
upstream stormflow excess hefore it reaches the
Clanwilliam rescrvoir and pumping it into the deep
Peninsula Aquiler. In the summer scason. on the
other hand, the well-field would pump large volumes
of groundwater out of the deep TMG Aguifer to main-
tain the stream baseflow and Clanwilliam reservolr
volume at relatively stable levels consistent with
water management, conservation, and environmen
tal considerations,

Concluding remarks

Whether a scheme in conjunctive water manage
ment such as that outlined above is technically
feasible, economically viable. and environmentally
sound, remains to be determined through syste-
matic hydrogieological and hydrological fiekl rescarch
The present CAGE project extension to deep
borehole drilling at the Blikhuis site 1s a convenent
and neccessary starting point. Without the
experimental deep boreholes through which can be
systematically accrued various kinds of geophysical,
petrophysical, pump-testing, and other hard
scientific data, no real progress can be made in the
practical development of the resource. This applied
experimental research and borehole technology
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development must, however, proceed in tandem
with a substantial component of “pure” or theoretical
rescarch in the academically demanding subject of
fractured-rock hydrogeology. for the reason that a
brute mass of empincal data has no ultimate value
unless a sound interpretative framework exists
within which to order and evaluate it

Notes

I According to driller's measurement records of
artestan flow rate and emergent water temperature
at the borehole collar, there was an abrupt doubling
of flow rate (1o ~0.7 €/5) and a slight Increase in
temperature (1o ~27.5°C) at a depth of <650 m. A
further increase 10 ~1 /s and 28 5°C occurred
between G60-680 m. In late August 2001 after a major
fracture zone Intersection with significant core loss,
the artesian flow rate suddenly rose (0 3 &'s and
the water temperature 1o over 31°C

2. Interim geophysical logging was undertaken in June
2001 when the BH2 borehole had reached a depth
of 680 m. and the final loging in late October after
the termination of drilling and the cleaning of all
drilling contaminants from the borehole

3 Drilling operations at the Blikhuis borehole BH2
were terminated in October 2001 at a final depth of
BO1.59% m
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The Klein Karoo Rural Water Supply Scheme

JL Jolly' and JC Kotze**
Grounchwater Consulting Services, PO Box 328, Plumsitead 7801, South Africa
‘ SRK Consulting. PO Box 6824, Roggebaal 800 1. Cape Town., South Africa

Abstract

The Klein Karoo Rural Water Supply Scheme supplies grounduwater derfved from boreholes drilled
trito the Table Mountain Group (TMG) rocks. to communities beluween Dysselsdorp and Calitzdorp.
Approximartely 25 borcholes were drilled during the developiment of the scheme, 18 of uhich have
been used as production boreholes, Total abstraction from the Scheme varies seasonally. Normally
the peak demand is belween 11O OO0 and 120 000 mc' movih (Jan-Feb). while demand drops (o
approximatedy 70 000 m’/month durtng June and July. This seasoval variation is equivatent to all of
the scheme's production boreholes betng pumped condinuowsly at 50 £'s in summer and 25 £'s in
wirder. Total abstraction (s approximatety | Mm'/a. Walter levels in some of the wellfictds have
dropped by an average of 30 m over the last 7 years, suggesting over-absiraction. The waler level
decline and the potential effect on the environment las yet unquantified) could be a_factor that wil

control future abstraction from the scheme.

Introduction

The Klein Karoo area 15 situated in the Western
Cape Province of South Africa, between the towns
of Calitzdorp and Uniondale (Fig. 1). The Klein Karoo
Rural Water Supply Scheme (KKRWSS) operates in
the western hall of this area. The KKRWSS was
designed to supply up to 4.7 x 10° m'/a of purified
water. It 1s fed by an Eastern Sector (Kammanassie
Moumntains near Dysselsdorp comprising 13 bore
holes of which 5 constitutes the Vermaaks River
Welllield, and a Western Sector at Calitzdorp with
5 boreholes. All but one of the boreholes has been
drilled into TMG Aquifers. Some 400 km of pipeline
delivers the abstracted groundwater to two punifi-
cation plants at Dysselsdorp and Calitzdorp and to
end-users.,

Current groundwater abstraction from the
KKRWSS Is approximately 1.0 x 10° m*/a, which s
considerably less than the original designed capac
ity, but equal to the current demand. Poor wellliekd
performance in some arcas can be attributed to a
poor understanding of the groundwater flow regime
and water balance, inadequate borehole construc
ton and ron-reducing bacteriological clogging of
borehole screens in certain parts of the TMG Aqui
fer.

* To whom all correspondence showldd be addresserd
MO2I) 421-T182; fax (021) 4254648
E-mall: Jkotze srk.coza

KKRWSS
\. —
b
Figure 1
Map shoming the iocation of the KKAWSS
Study area and physiography

The scheme is situated between Calitzdorp and De
Rust (Fig. 1). The study area comprises a broad val-
ley, with an elevation of approximately 500 m above
mean sca level lams)), surrounded by a number ol
mountain ranges with altitudes ranging between 700
and 2 150 m amsl

Rainfall and evaporation

Annual ramnfall of up to 2 000 m/a occurs in the
Swartberg and Outenigqua Mountains, while rain-
fall at the towns in the valley varies between 199
mm al Calitzdorp and 329 mm at De Rust, Runofl
from the mountains is captured in a number of dams
(Kamanassie, Stompdrift and Koos Raubenheimer
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Figure 2
Water level decline - Easlern wolMeld

dams) and utilised for irrigation supply or for sup-
ply to Oudtshoorn.

Average annual evaporation varies belween | 760
and 2 050 mm/a from the west to east. Evaporation
Is 50% less in the months of April to September
than during summer.

Geohydrology

The following three major hydrogeological units to-
gether constitute the TMG Aquifer system:

. Nardouw Aquiler
. Cedarberg shale aquitard
. Peninsula Aquifer.

The Nardouw Aquifer has a relatively high shale
and feldspar content. is prone to ductile deforma-
von. and generally has lower hydraulic conductiv-
ity than the Peninsula Aquifer. which is more
quartzitic with assoctated brittle deformation. Nu-
merous springs originate on the contact between
Peninsula Formaltion quarizites and the Cedarbery
Formation shale, which constitutes an effective
boundary 1o groundwater flow,

Generally the Nardouw Aquifer hosts lower yield
ing boreholes, with poorer groundwater quality and
iron reducing bacteriological clogging of borehole
screens s common. The Peninsula Aquiler s higher
viclding, mostly because it is associated with the
mountainous areas which have better recharge. The
quality I1s also superior to that in the Nardouw Aq
uifer. with limited problems related to fron clog-
ging,

Hydrochemistry and environmental
isotopes

Groundwater in the Peninsula Aquifer is charac
terised by low mineralisation (TDS < 300 mg/ 0, low
pH (< 6) and very low TAL (<< 0.5 meq/(). The low pH

values in this formation show that the total dis-
solved Inorganic carbon (TDIC) Is present mainly in
the form of free CO_, whilst the narrow range of 'C
values (-19 o -22%) is evidence of minimal car
bonate dissolution. "'C values for borcholes above
the shale band in the Vermaaks River Valley (Fig.
2) range from 75-84 pMC (percent modern carbon),
with practically no measurable tritium. The
boreholes below the shale band in the Nardouw
Aquifer give a much lower value of 53 pMC. The sud
den “ageing” suggests that the band acts as an ef-
fective aquitard, inhibiting subsurface dratnage fur
ther downstream. Surface drainage of mobile ground-
water from upgradient of the shale band could also
re-infiltrate to form less mobile groundwater below
it. The results further suggest that the water
pumped from the upper valley is derived from the
Kammanassie Mountain catchment rather than
from a regional fracture system.

Recharge

Recharge occurs prineipally in the highly fractured
mountainous local catchments and average 9% of
the total rainfall (Kotze, 2000). Recharge from these
catchments feeds local subsurface drainage and
surface runoff In mountain streams and feed the
major regional fractures. Increased exploftation from
the highly fractured catchment valleys appears to
be the most economical solution o Increasing wa-
ter supply. This will be at the expense of the base-
flow In mountain streams as a result of the local
lowering of groundwater levels,

Abstraction and water demand
The Eastern Sector of the scheme

The Eastern Sector has a design capacity of 9 000
m’/d (3.3 x 10° m*/a) based on peak demand, with
the Vermaaksriver welllield being the most impor-
tant abstraction arca. This wellfield exploits the Pe-
ninsula Formation In a situation where the Cedar-
berg Formation shale cuts across the valley. thus
acting as a dam wall retarding groundwater move

ment. Average monthly abstraction during 19949 was
45 000 m'/month. During 1999 water levels con

tinued their slow downward trend, dropping approxi

mately 2 m in the wellfield and 1.5 m at a monitor

ing borchole 800 m downgradient of the wellfield.
The water level reaction at the Cedarberg Forma

tion shale contact area (0.5 km below the wellfield)
also shows a continued decline. having dropped 0.8
m during 1999 The water level decline over the last
7 vears has been approximately 20 m in the wellficld
(Fig. 2). Even though the Vermaaksrivier Wellfield
had a fairly good recharge from rainfall over the last
six months of 2000 the monitoring holes continued
o decline - this sugggests that monthly rainfall to

tals In excess of 50 mm are required belore water
levels will recover.

199



Part 6. Case Studes

The Western Sector of the scheme

The abstraction from the wellfield during 2000 was
137 000 Kt/ a (4.35 ¢/s, continuous pumping). Water
is abstracted from five boreholes. The wellfield is
in urgent need of augmentation as water levels con-
tinue o slowly decline. mostly as a result of low
rainfall. Water levels have declined an average ol
30 m over the last five years (Fig. 3).

Reasons for changes in suggested wellfield
abstraction rates

From 1985 o 1998 the abstraction rates from the
production boreholes have been changed consider-
ably. These changes had (o be made because im
portant issues appear not to have been addressed
initially. These include:

. Differences in management scenarios be-
tween the Nardouw and Peninsula Aquifers
This is probably the single most important
aspect o impact on welllield management. The
Peninsula Aquifer is in general a much better
aquifer in terms of groundwalter quality, gquan
tity and management (stable formation, lm-
ited tron-bacteria problems). However, only one
of the scheme wellfields, the Vermaaks River
Wellfield, is situated in this aquifer. The other
wellfields are situated in the Nardouw Aqui-
fer.

. Interconnectivity between borcholes and
wellfields: Typical examples are the Varkies
klool. Bokkraal and Calitzdorp Wellficlds, where
three or more boreholes are sited on the same
structure and fall within each others’ area of
influence.

. Fear of negative impact of abstraction from
the Peninsula Aquifer on springflow: A wa-
ter balance study is needed 10 define the rela-
tonship between recharge from rainfall, ab
straction and springflow. A management dect-
ston should then be made on the relative im
portance ol springflow or abstraction from deep
wells,

° Potential environmental impacts of ground-
water abstraction from deep boreholes on
near surface vegetation: The bhest aquiler (Pe-
ninsulal). coincides with the high mountain
ranges In the Western Cape, which are nor-
mally included 1n Nature Conservation areas
e.g Kammanassie Nature Conservation arca.

. Borehole construction and drilling Drilling
in hardrock aquifers such as the TMG s diffi-
cult and careful borehole construction is es
sential 1o ensure sustainable groundwater pro-
duction from deep boreholes. It is believed that
poor borehole construction (ineflective screens)
and shallow (<60 m) boreholes may have con
siderably reduced the supply capacity of sev-
eral production boreholes, while unnecessary
screens have promoted blofouling,

WESTERN WELLFIELD - CALITZDORP

Rest water loveis

20 - o DLT v DL 1S e D013

Figure 3
Waler level decine - Western meifeld

. Definition of the hydrogeological bounda-
ries of the aquifers being exploited In or
der to optimally manage the aquifers, aquifer
boundaries need o be defined so that non-
Scheme boreholes do not abstract from the
same aquifer. A considerable amount of
groundwater abstraction by farmers takes place
on the southern flanks of the Kammanassie
Mountains adjacent to the Scheme's bore
holes. To avold conflicting interests, the hydro-
geological system needs 10 be clearly under
stood In order to calculate the aquifer water
balance.

Conclusions

The KKRWSS supplies approximately 1 million m’
1o the service arca. Although the borcholes are be-
ing utilised at low rates compared to achievable
pumping rates. water levels have declined in some
of the areas by up to 30 m over the last 7 years. The
Calitzdorp wellfield requires urgent augmentation.
especially since recharge from rainfall has been very
limited during the last 3 to 4 years. The Dysselsdorp
wellfields are being under-utilised and more waler
can be abstracted from all of these wellfields. How-
ever, water levels in the Vermaaks River Valley con-
tinue to decline and environmental concerns may
result in abstraction being decreased from this
field.

Abstraction from the Scheme has provided valu-
able insight into the operation of large scale TMG
abstraction schemes, Future abstraction from TMG
Aquifers will have to address environmental con-
cerns related 1o lowering of water levels.
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Utilisation of the Table Mountain Group Aquifer
at Plettenberg Bay (Eastern Cape)

JL Jolly and Q Stemmet*

Groundwater Consulting Services, PO Box 328, Plumstead 7801, South Africa

Abstract

The Plettenberg Bay Catchment Area is partly covered by rocks of the Table Mountain Growp (TMG)
which _form a secondary aquifer. Development of groundwater in the aquifer ts expensive, due
to deep water strikes and difficult drilling conditions. Never the dess, the aquifer s wilised by the
Murrctpaiity and numerous private landowners. The Plettenberg Bay Municipaltty wnilises grounduwater
froen two areas - the Hillvtew ridge and the Airpost platedanx, with a maxeram absraction of 300 000
m’/a. The water quality of the TMG Aquifer is generally good although a fowe pH and high dissolved
tron and mangarnese necesstated treatment. Over abstraction, especially during the 1999 2000 peak
hotiday demand pertod. appears 1o have stressed the aqudfer and current use from the aquifer is

limited.

Introduction

Groundwater has been utilised as a supplementary
supply at Plettenberg Bay since 1985 The Pletten
berg Bay Coastal Catchments Study kentified a pri
mary aquifer adjacent to the lagoon and a second
ary aguifer associated with the TMG rocks. The TMG
Aquifer is by far the most important aquifer in the
catchment, In terms of size and potential for devel
opment. The location of Plettenberg Bay is shown in
Fig. 1.

Topography of the TMG area

The TMG in Plettenberg Bay area ocours in two main
arcas:

. An elevated ridge along which the Port Eliza

beth
. Knysna main road runs
. An elevated terrace area between the Plesang

Valley and the sea (adjacent o the airport).

The ridge is located at an elevation of approximately
140190 m above sea level, while the alrport terrace
15 90-120 m above seq level

Rainfall/evaporation
The rainfall in the area occurs throughout the year

with a slight winter dominance. The annual average
rainfall s approximately 710 mm.

* To wham all corresponderce should be addressed.
MO21) 762-2538; fax (02]1) 7620811
Ematl: ¢petigroundicate rconsulting. com

.
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Figure 1
Locavon of stuay area
Geology

Both the lithology and structural geology have a
major bearing on the groundwater resources of the
area. The rock units existing consist of the Table
Mountain Group rocks. which are in areas overlain
by the Gydo Formation (Bokkeveld Group), Ulten
hage Group and recent sands of Tertiary and Qua-
ternary ages. The lithostratigraphy is shown in Ta
ble |

he Table Mountain Group consists of the Pe
ninsula, Cedarberg, Tohando, Kouga and Baviaans-
kloof Formations. Apart from the subordinate Cedar
berg and Baviaansklool Formations, the group con-
sists predominantly of medium to course grained,
cross-bedded units of quartzites and sandstones
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Table 1
Lithostratigraphy of study area

Age Group Formation
Quaternary (30 Ma
Jurassic (140 Ma) Utenhage Encn

Devonian (395 Ma) Bokkeveld Ceres | Gydo

Ordovician (500 Ma) Table Mourtan Bavaanskioo!
Kouga
Tchando
Cedarberg

Pernnsula

Structural geology

I'he structural geology has a major bearing on the
groundwater potential of the consolidated geologl
cal units, In their pristine state, the consolidated
geological units have negligible groundwalter poten
tal It s the secondary structural features that give
the units groundwater potential. These secondary
structures are usually assoclated with faults, frac

tures and weathering which gives rise o discrete
zones ol secondary permeablility. Anticlines and
synclines of parasitic asymmetrical folds character
Ise the succeeding less massive and relatively in
competent formations. In the Plettenberg Bay area
the faulting has resulted in small clongate asym

metrical northward tlting half-grabens which are
mflled with cretaceous sediments. Both the Bietou
and the Plesang River basins are U-shaped, ESE
plunging graben structures. The low permeability
material in these graben structures effects regional
groundwater flow patterns

Hydrogeology
Siting procedure/exploration methods

Horchole siting undertaken by Groundwater Con
sulting Services ook nto account aerial photo in
ferpretation and ut-[:ll‘.\ln al traversing. Geophysi
cal traverses werd '.Ill('('.'f-nh"ll across lineaments
determined from the acrial photographs. The ges

physical traverses were undertaken by utilising an
Geontes EM-34 ground conductivity meter, In many

cases the mam water strikes in the Plettenberg Hay
area s found at depths below 150 m. In these cases
major lincaments were targeted and holes sited
where the geophysics showed the features (o be ver
Lical

In the Hillview arca. strong fracturing was en

countered at depths of between 1540 and 200 m

Plettenberg Bay

Groundwalter Abstraction

Abstracthon (mImonth)

Figure 2

Abstrachon af Pletlenberg Bay

Borehole yields

During the Plettenberg Bay Catchment Study it was
found that the average viekd of the TMG borcholes is
2.1 &s with a range from 0.5 - greater than 5 ¢/s
The average depth of borcholes is 100 m
Groundwater quality

Groundwater of the TMG Aguiler is low in total dis
solved solids, generally acidic and contains dissolved
iron and manganese, There are however some vark
attons in quality depending on the lithology., The
Peninsula and Techando Formations are the geologh
cal units which form the majority of the outerop in
the area. The Peninsula Formation groundwater has
an average total dissolved solid content of 607 mg ¢
and a pll of 6.1, Average iron and manganese con
centrations in the groundwater are 361 mg/ ¢ and
0.16 mg/f respectively. The Techando Fm ground
waler, however, has an average TDS of 300 mg/ ¢ and
a pll of 5.7 Iron content, however, 1s much higher
that in the Peninsula rocks with somu
ing iron levels

holes vield
of between 14 and 16 mg £ and man

gancse contents of 0.5 10 0.5 my .l

Due to the low pH of the TMG Aquiler. a certain

amouam

of ron and manganes:
l‘li'-

domesitie

Is Jound dissolved

m the groundwates leads to problems in the

use of the water consumption because of

the staining and taste. In addition, the low pl and
high fron content results in the water being corro

shve
Groundwater use

A number of Municipal production boreholes exist
From 199519485, lour boreholes were used with an
annual abstraction which decreased from 303 OO0
moa i 199 o 1HOH 000 m

boreholes

am s Two new
drilled In

creased o 287 000 m

wert 1999 and abstraction in
1999, The

in abstraction dur

ain abstraction

data shows a dramatic increase
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ing the 1999-2000 holiday period which appears to
have stressed the aquifer. Since then water levels
have dropped to pump levels in some of the
boreholes. It is not certain whether this Is as a re-
sult of a decline in reglonal water levels or as a re-
sult of fron clogging of the borcholes.

There I8 also considerable groundwater abstrac-
ton from the TMG Aquifer from all of the small hold
ings and developments which paraliel the Plettenberg
Bay-Knysna main road. This area is not serviced by
the Municipal supply system and all of the resorts
utilised groundwater abstracted from the TMG Aq-
uifer,

Conclusions

TMG Aquifers at Plettenberg Bay are bounded by
groundwater boundaries - either graben structures
filled with low permeability, low groundwaler poten-
tal sediments or by the sea. The aguifers have been
utilised successfully since 1985, but water levels
have reached pump suction at the beginning of 2000,
mostly as a resull of a dramatic 46% Increase in
use during the 1999 Christmas holiday peak de-
mand period, It is unclear wether reglonal water lev
cls have been lowered, or if fron bacterial clogging

has reduced the efficiency in the boreholes. Cur-
rently the aquifer is being rested. while the option of
aquifer storage and recovery (ASR) utilising surplus
water from adjacent rivers during peak flow peri-
ods, Is being considered

Clear abstraction lmits have been set for the TMG
Aquifers at Plettenberg Bay and abstraction should
not have exceeded these limits, no matter what the
demand. In the future aquifer management must
take cognizance of the abstraction limits and should
manage the aguifer system based on abstraction and
rainfall impacts on water levels,
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Case Study:
Port Elizabeth Municipal Area

P Rosewarne
SRK Consulting Englreers ard Scientists, PO Box G824, Roggebaat 8012, South Africa

Abstract

Drought conditions and the impaosition of water restrictions in the early 1990s lead to a proliferation
of private boreholes being drilled into the Table Mountain Group (TMG) Aquifer in the Port Eltzabeth
municipal area. A research project was therefore inittated (o investigate the number and
distribution of boreholes. the volume of grounduwater abstracted, its quality and legal options for
the control of development and use of groundwater in the municipal area. It was estimated that
there were ~300 boreholes in the municipal area abstracting ~370 000 m'/a. Groundwater
quality was foured o be atypdeal of TMG Aquifers eisewhere. with extreme variation in quality,
in terms of yield and quality. the TMG Aquifer in the Port Elzabeth urban area s not a potential
source of mundcipal supply unless hitherto untapped aquifers exist al greater depths than so far

exploited.
Introduction

The Port Elizabeth arca experienced a downward
trend in rainfall in the early to late 19808, culminat-
Ing in water restrictions being introduced from 1989
10 1992, In response to this, a proliferation of pri-
vate boreholes were drilled into the sandstone agui
fer underiying the municipal arca. with much at-
tendant publicity in the local press. Headlines such
as "PE boreholes can go salty, expert warns,” and,
“Boreholes could drain groundwater”™, illustrate the
concerns over extensive and uncontrolled use of
groundwater i the municipal area.

In early 1992 SRK Consulting held discussions
with Port Elizabeth Municipality (PEM) with a view
to Initlating a project to investigate the extent and
effects of private groundwater abstraction in the
municipal area. SRK and PEM then submitted a
joint proposal o the Water Research Commission
for funding, which was subsequently approved and
the project commenced in Januvary 1993, The ongl
nal two year project duration was extended by six
months in 1995 o facilitate gathering of further
monitoring data.  The principal research objectives

were:

® to determine the number and distribution of
boreholes in the PEM area:

* to assess the volumes of groundwater ab-
stracted and its overall quality;

. to assess the potential for sea water intrusion;
and

. to investigate legal options for PEM to control
development and use of groundwaler in the
municipal area.

F021)421 7182, fax (021} 125 1648
Canalls prosewarus s srk o0 za

Geology

Port Elizabeth is situated at the eastern outcrop ex-
tremity of the TMG on a northwest-southeast trend-
ing anticlinal structure which forms part of the
southern limb of the Cape Fold Belt (Fig. 1). Along
the northern boundary of the study area, the resist-
ant sandstones form an escarpment where they dip
under the Ultenhage Group, while to the south, the
sandstones form an elevated wave-cut platform. The
main TMG formation underlying the PEM area Is
the Peninsula Formation.

Much of the southern part of the wave-cut plat-
form that forms the Cape Recife headland Is cov-
ered by a mantle of Tertiary to Recent deposits, such
as the Nanaga Formation, a consolidated calcare
ous acollan sand or dune rock. This formation is
relatively resistant to weathering and lorms topo-
graphic highs, e.g Lovemore and Walmer Helghits
Recent unconsolidated aeoltan sand forms longitu
dinal sand dunes with crests trending cast-north
west, west-southwest. Calerete layers are commonly
developed within the sand.

The rocks and sediments described above can
be classified into two broad agquifer types. The T™MG
form secondary aguifers in which groundwater flows
and is stored within fractures such as joints, bhed
ding planes and faults. The Tertiary to Recent sands
are primary aguifers in which groundwater flows
and is stored in interstices within the constituent
sand grains. Rocks of the Ultenhage Group are not
classed as aquifers within the study arca due to their
gencrally low hvdraulic conductivity and poor wa
ter quality
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Hydrogeology
Borehole characteristics

There are two primary controls on the distribution
of boreholes. the most important of which appears
to be the soclo-cconomic status of home owners,
while geological and hydrogeological factors are of
secondary consideration. Although not all boreholes
within the study arca were located in the census.
the borehole distribution and density recorded s
considered to be representative of borehole ocour
rence in the area,. Walmer and Summerstrand show
the highest concentration of boreholes and major
roads can be wentitied by the alignment of boreholes.
Together these suburbs account for 65% of known
boreholes and the distribution drops-off dramati-
cally away from these arcas

The data Indicate that the TMG Aquiler in the
PEM area is relatively low vielding with >96% of
recorded boreholes having a vield ol <3 /s,
Boreholes are generally 60 1o 120 m deep. As a com
parison, yiekds at St Francis Bay are in the range of
2 to 14 Us from depths up o ~90 m, while at Ceres,
vields range from 5 to 12 (/s from depths of B0 10
120 m. In both of the latter examples, the formation
explotted is the Nardouw Subgroup.

Groundwater use

In times of average and above average rainfall, ab-
straction is minimal as groundwater quality Is con
sidered generally undesirable and municipal water
relatively cheap. Records show that, for the major
ity of borehole owners, groundwater is used and
considered as an emergency supply source only, with
the potential for relatively short-term but high de
mand pulses to be imposed on the aquifer.

Total annual metered private groundwater ab-
straction amounted to 20 500 m’ in 1993 from
which. by simple proportion, it was estimated that
total private groundwater abstraction amounted to
about 240 000 m*/a. A rough estimalte ol total cor-
porate abstraction is estimated to be about 150 000
m ' /a. Combining figures for corporate and private
abstracton, total annual groundwater abstraction
in the PE municipal area is thus estimated (o be
<390 000 m’, This volume formed <1°% of total mu
nicipal consumption at that time.

Groundwater quality

In the context of expected TMG Aguifer groundwater
chemistry, the Port Elizabeth aguiler is atypical, For
example, the range i conductivity is 50 10 820 mS/m,
and in chloride, 100 (o 2 800 mg /L The explanation
put forward by the researchers is that expanding
urbanisation In the PEM arca over the outcrop of
the TMG Aquifer has resulted in partial replacement
of diffuse recharge by rainfall by the development of
numerous point sources of recharge / contamination,

such as old waste tips, leaking sewers and walter
mains, septic tanks, fertilizer application and storm
water. This would explain the frequent occurrence
of groundwater with radically diflerent chemistry
from boreholes a few streets apart.  Groundwater
conductivity contours, potential sources of contami
nation and borehole positions are shown on Fig, 2,

Examples of conductivity-chloride contrasts are
475 mS/m o 1 463 mg/fand 151 mS/m o 390 mg /¢
in Walmer. and 247 mS/'m 1o 559/ mg/f and 652
mS/m to 1 559 mg/ ¢ in Walmer Helghts, Historical
reports of ‘brackish’ water in the Walmer arca in the
19205 could also indicate a naturally elevated level
of salts in the aquifer.

Examples of groundwaler types are shown in a
Piper Diagram in Fig. 3.

Groundwater from the central and inland sub-
urbs s all of a sodium chloride type, particularly
north of the Baakens River, whereas groundwater
from the Summerstrand area has a greater Ca/ Mg
HCO_ component. due to the influence of the lime
rich coastal sands. This could indicate that the
coastal boreholes are tapping the primary aquifer
directly, or that a component of the secondary aqui
fer groundwater is derived by leakage from the over-
Iying sands.

Although water types are consistent within the
above two categories, there is a large spatial range
in clectrical conductivity and individual constituents
within the sodium chloride type. There are also sig-
nificant time variations in water gquality within indi-
vidual boreholes, as shown by the high standard
deviation for many chemical constituents analysed
for the same borehole at different times, although
some are skewed by one analysis, which in many
cases was the first of the monitoring period. The
tme variations do not appear to be scasonally re-
lated, with each borchole having its own pattern.
Fluctuations also appear to be above and below a
fairly constant level, with concentrations at the start
and end of the monitoring pertod not being signifi-
cantly different. The groundwaters generally com
ply with SAHS 24 1-1984 upper limits {or domestic
water use, with some exceptions, including chloride,
nitrate and tron

With regard to saline water intrusion, the main
arca of concern is the coastal suburb of Summer-
strand and, to a lesser extent, Humewood. The other
coastal arcas are either undeveloped or bordered
by commercial or industrial arcas. Inspection of
the hydrochemical analyses of the four monitoring
boreholes In Summerstrand shows no sign of any
sea water intrusion.  Of all the borcholes Investi-
gated for this project, the Summerstrand boreholes
were some of the most consistent in terms of water
quality. On the basis ol these resulls, sea waler
intrusion s not regarded as a problem. although
the drought ended shortly before the commencement
of this project and the boreholes were not used as
much as they would be in drought conditions
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Conclusions

The main conclusions to be drawn from this study
are lsted below and follow the same order as the
research objectives:

. There are an estimated 300 boreholes in the
PEM area, of which 241 were located on the
ground.

. Annual groundwater abstraction I8 estimated
at 390 000 m’,

. Over most of the study arca the groundwater
i1s a sodium chloride type. The only exception
Is Summerstrand where the groundwater has
a greater Ca/Mg HCO | component.

. Groundwater quality in the PEM area Is gener-
ally atypical of TMG Aquifers elsewhere in the
Eastern and Western Cape. There Is extreme
spatial variation in groundwater quality, often
over very short distances in the same suburb
Scasonal varation in groundwater quality is
not seen as the rainfall patterns are so irregu-
lar. There is no “winter”™ or “summer” period of
high or low rainfall as in Cape Town, for exam

ple.

CaMgS0, and Mg/CaCly  water

N C o N.zw‘

* There is sporadic and short-lived i
trusion of sea water in boreholes clos-
est to the sea In the Summerstrand
arca. This 1s a local and non-perma-
nent phenomenon at the moment but
there is potentlal for a deeper Incur-
sion of saline water into the aquifer
under higher pumping stress should
drought conditions return.

e  There is evidence of groundwater con-
tamination in many areas on the ba-
sis of conductivity, chloride and m
trate levels, especially in the context
of groundwater quality in TMG Aqui-
fers elsewhere. The contamination is
attributed to urbanisation and spe-
cifically waste dumps. fertilizer appli-

water cation, leaking sewers and storm-
water runoff,

e In terms of vield and water quality,
the TMG Aquifer in the PEM area is
not a potential source of municipal
supply. unless untapped aquifers
exist at greater depths than so far ex-
ploited

References

BUSH RA (1986) Hydrogeological Assessment of the
Uttenhage -Kruls River Area

LANGTON CW and RAYMER DA (1994) Private Boreholes
and the Municipality. Paper presented at the IMESA
Conference in Cape Town,

MEYER PS (1998) An Explanation of the 1:500 000 General
Hydrogeological Map: Port Elizabeth 3324 Published
by Dept. of Water Affairs and Forestry, Directorate
Geohydrology.

MOUNTAIN ED (1928) Underground Water Supply of Port
Elizabeth, Annexure B to the Mayors Report.

THE PROVINCE OF THE CAPE OF GOOD HOPE GAZETTE
NO 4672, November | 9950,

SIMIPSON GC (1990) Research into Groundwater Abstrac-
tlon in Resadential Areas, WRC Report No 2117190
Water Rescarch Commission, Pretoria

STEFFEN. ROBERTSON AND KIRSTEN (19589 Proposal to
Develop Emergency Groundwater Supplies for Port
Elzabeth. Report 1712271 for Port Elizabeth Munics
pality.

STEFFEN, ROBERTSON AND KIRSTEN (1990) Welifield De
velopment at St Francis-On-Sea: Summary Report
1717196

WOODFORD ACK 11993) Aspects ol the development and
management of groundwater resources for urban sup
ply. Mudcipal Engtneer (Sep) 48-50




Part 6: Case Stuowes

Case Study:
St Francis-on-Sea

P Rosewarne
SRK Consulting Engtneers and Scieniists, PO Box 6824, Roggebaat 8012, South Africa

Abstract

Extenstoe additional residential developeent at St Francts on-Sea in the late 1980s led o a requirement
JSor an additonal 20 £ s of potable water. The decision weas takern lo investigate whether this demand
couddd be met froem locad groundwater resources. The subsequent hydrogeological investigation inoolved
the siting, drilling and test pumping of 1 1 boreholes tn the Table Mountain Group (TMG) Aquifer. in
addition (o 13 existing boveholes in the general area. The bulk of this work was carried out between
May 1989 and Februarny 1990, Two wellfickds were developed. Santa and Atrfield woith a combined
lorg term yleld capabidity of 24 £ s and a peak capability of 60 £/ s to meet holiday season demand.
A treatment plant was instalied 1o remove tron from the groundwater. A to-year monitoring periocd
after commissioning of the wellficlds vertficd the above yleld prodictions.

Introduction

Extensive additional residential development at St
Francis-on-Sea in the late 19805 led 1o the require-
ment for an additional 20 ¢/s of potable water, Op-
tons included an expensive upgrade of the pipeline
from Churchill Dam or exploiting local groundwater
resources. The town is located on Recent sands and
rocks of the TMG and some existing high yielding
boreholes Indicated good potential for further
groundwater development. Consultants were accord-
ingly appointed to investigate the groundwater po
tential and an initial exploration phase was followed
by full wellficld development

Geology

St Francis-on-Sea s situated on the castern hmb of
the Cape Fold Belt and the rocks present here be
long to the Table Mountain amnd Bokkeveld Groups
Thewr contrasting lithologies have had a strong in-
fMuence on the form of the coastal and inland topog
raphy (Fig. 1)

I'he TMG mainly comprises resistant sandstones
which form Cape St Francis, with the coastline par
alleling the northwest-southeast strike of the strata,
The Bokkeveld rocks are mainly shales, are less re-
sistant to weathering and form the embayvment ex
tending north-east rom the Krom River estuary

The TMG is subdivided into two main formations,
the Peninsula Formation and the Nardouw Sub

FO021)142] -TIR2: fax (02 1) 425 -4645:
emall: prosCRanmes srik oo e

group. The latter comprises three sandstone hori
zons with closely spaced bedding plane openings,
with dips of about 50° 1o the north cast, Jointing is
well-developed at right angles 1o the bedding, as seen
In exposures along the coastline and a number of
fractures cul the bedrock, trending northeast-south-
west. Borehole siting was related to these, where
possible.

The Peninsula Formation in this area is a more
massive formation with consequently less ground-
water potential and is also further away from the
town. It was therefore not targeted lor groundwater
supply.

A belt of Recent sand overlies the TMG. compris-
ing both vegetated and mobile dunes of sand with
calerete lenses. These deposits are up to 40 m thick
in the vicinity of the Airfield 3 borehole.

Hydrogeology
Borchole characteristics

All boreholes drilled into the Nardouw Subgroup
struck groundwater, with blow-out yields ranging
from 2 to 17 {/s. Although carlier boreholes drilled
by DWAF continued to depths of between 160 and
200 m. main water strikes in the more recent
boreholes occurred between 40 and 80 m and drill-
ing was generally not continued beyond 90 m.
Rest waler levels are shallow. ranging between
~1 1o 3 m below ground surface. For the main well
ficld development areas, Le. Airficld and Santa
(Fig. 1), this translates into 60 and 47 m above mean
sca level, respectively. Under maximum drawdown
conditions, Le. during step 4 of the test pumping
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Aquifer types

/'H;‘;(Q\

Artgw Seew i \
|

-

s .

-l

’I A
1 1 ~,

)

Scow

Seal Point

The main aquifer is the
Nardouw Subgroup.
which has a width of
about 1 500 m In the
study area. It is bound-
ed by the Peninsula
Formation to the south,
which s water-bearing
but fractures are poorly
developed and the Bok

keveld Group rocks to
the north, which can be

:‘: considered as being

Sema 2 impermeable for all

:_’d. oo practical purposes. The

o degree of jointing in the

e

Pe— Nardouw sandstones,
e mainly bedding planes.
e At 8 is such that boreholes

can be sited almost
anywhere within this
formation and still
strike water. The thick
sand cover makes ac-
curate borchole siting
on specific features im-
possible anyway.

The overlying Recent
sands also constitute
an aquifer, although
= vields from shallow
Cope St Froncis wells drilled into this
formation were only of
the order of 1 ¢/s. More
favourable conditions
- for exploitation of this
aquifer exist in the vi-
cinity of the Airfield,
where sands are thick-
er and artesian fow
was observed from Alr-
fleld 3 at the sand/

Figure 1

Localty plan showng geciogy and borehole positons

programme, walter levels were generally not drawn-
down below sea level

The coastal rim of boreholes such as Palamos
and Fisherman's Spring are at lower elevations and
are closer to the sea. Sea water Intrusion IS a possi-
bility here. aided by the jointing developed at right
angles to the main structural trend and recom-
mended pumping rates were reduced accordingly.
If these boreholes are brought into production in
the future they should be pumped continuously at
a relatively low rate rather than intermittently at
higher rates. This will minimise turbulence in frac
tures, a prime cause of expansion of the brackish
water diffusion zone between fresh and sea water.

sandstone contact. Al-
though not directly uti-
lised at present, the
sand aquifer is of great
importance as & source ol recharge 1o the underly-
ing sandstones. This mechanism will be particularly
effective when bedrock water levels are drawn down
under pumping conditions and will thus aid recov-
ery.
Test pumping data analysis for boreholes In the
TMG Aquifer viclded transmissivity values of between
165 and 2 485 m’/d and storativity of between 1.8
and 3.3 x 107,

The main source of recharge to the TMG Aquifer
iIs by throughflow from the Kareedouw Mountains
to the north-west and. using Darcy’'s Law, this is
estimated to be about 875 000 m'/a (based on a
conservative T value of 100 m*/d). The main ground-
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water low direction 1s 1o the south-east under natu
ral conditions. Additional recharge under pumping
conditions will be derived from leakage as described
above and throughflow along strike, Based on the
above recharge ligures the following vields were ree
ommended:

. A peak vield of 60 s and 10 85 from the TMG
and sand aguifers, respectively, sustainable for
a maximum of 6 weeks per vear over the holi
day season.

. A long-term yield of 24 ¢/s and 10 ¢/s from the
TMG and sand aquifers, respectively, for the
remainder of the yvear.

Groundwater quality

The groundwater from the TMG Aquifer is slightly
alkaline, low in total dissolved solids (TDS), is cal-
clum bicarbonate in character and hard, complying
with SAHBS 241-1984 limits for domestic water sup
plies. Problems were experienced with high iron con
tent In the onginal supply boreholes (2 and 3), and
all the newly drilled boreholes were accordingly sited
further to the south and have a lower total fron con-
tent. within the SABS limits. An fron treatment plant
was, however, installed to control overall iron con-
tent of the water supply.

Water quality of all the new boreholes in the sand
aquiler is good and conforms to SABS recommended
limits. This groundwater can be described as being
shightly alkaline, moderate to low in TDS, and cal-
clum bicarbonate in character. It is also hard (300
to 400 mg/f CaCO ) and softening of this water may
be required

Wellfield development

Two main wellfickds have been developed, viz Santa
and Airfleld, designated Wellfield | and 2 on Fig. 1,
respectively, consisting of the Santa 1 to 3 and Air
ficld 1 1o 5 boreholes. The Homestead Road borehole
was equipped at the same time as the Santa bore
holes. Two other boreholes, Golf Course (3) and Res
ervoir (2) are already equipped 1o provide water into
the reticulation system. Throughout the period of
heavy drought from March to December 1989, these
boreholes were the only source of supply to St
Francis as the Churchill Dam Pipeline source was
not used. Three other boreholes can also be equipped
if required, namely Palamos, Fisherman's Spring amd
Harbour 1.

A three-year monitoring programme was imple-
mented between December 1989 and December

1992, covering water levels, abstraction and water

quality. Total abstraction during this period was 1.4
million m' and the wellliclds met all long-term and
peak requircments. Water levels fluctuated within
the design imits, with those in the Santa Wellfield
being within a +45 to O m amsl range and those In
the Airficld Welllield being + 60 1o + 30 m amsl.
Groundwater quality remained good. with EC
being In the range 60 o 90 mS/m. Pertodic acid
dosing has been required in the Santa boreholes to
remove incrustation and restore performance,

Conclusions

The following conclusions can be drawn from this
case study:

. The Nardouw Subgroup sandstones form the
main aquifer, with significant recharge being
derived from the overlying saturated Recent
sand deposits. Within the bounds of these sand
stones,. boreholes can be sited at random with
a >90% success rate,

. Two wellficlds with a total of cight boreholes
have been developed from which a peak vield
of 60 /s and long term vield of 24 (/5 can be
obtained.

. Groundwater EC Is in the range 60 to 9O mS/'m
and is a calcium bicarbonate type. A treatment
plant was installed to deal with the typical ‘fron
problem’ charactenstically associated with TMG
Aquilers;

. A three-vear monitoring programme from 1989
1o 1992 confirmed the design vield and quality
parameters of the wellficlds;

. The St Francis-on-Sea case study has shown
that scientifically sited and well managed
groundwalter abstraction schemes in the TMG
Aquifer are a viable long-term water supply
source for medium- o large scale domestic pur-
poses.
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The Table Mountain Group Aquifer Utilised at
Steytlerville (Eastern Cape)

JL Jolly and Q Stemmet*

Grounduwater Consulting Services, PO Box 328, Plumsitead 7801, South Africa

Abstract

Groundwater s the sole or main source of potable water for many urban and rural communities
in South Africa. More than 250 cities or towns, 5 million cattle, 26 million small stocks and 24'%
of trrigation water supplies depend on groundwater (Van Tonder and Dennis, 2000). Steytlervdle
s one of the communities that rely on groundwater and has done so for more than 10 years, The
town has a peak demand of 15 000 m*/month. This waler is supplied predominantly from
borcholes drilled into the Table Mountain Group (TMG) sandstone aquifers located 20km south
of the town. Al times the borcholes have been overabstracted resulting n iron clogging of
boreholes. but changes to the borehaole design and scheme management have ensured sustainable

grounduater ulilisation.

Introduction

Steytlerville, a rural Karoo town located 150 km
north west of Port Elizabeth, has a population of ap-
proximately 4 000 inhabitants. The municipal wa-
ter supply is obtained solely from groundwater ab
stracted from two wellficlds, namely the northern
and southern wellfields. The southern wellfield is
the stronger of the two welllields and exploits the
T™MG Aquifer.

The water demand for Stevilerville in 1992 was
6 000 m*/month during winter with an additional
3 000 m'/month required during summer. Three bore-
holes in the southern wellfield supply 6 000 m’, while
the extra peak demand is provided by boreholes in
the Northern Welllield. The town demand has since
increased to 15 000 m’/month (source Town Clerk,
Stevtlerville) or 5.8 €Us on a continuous basis. The
increase in demand is as a result of the increase in
the provision and extension of services 1o previously
disadvantaged communities

Topography

The topography of the town and surrounding area
consists of broken hills, valleys and ridges assoct
ated with the inclined shales and sandstones of the
Bokkeveld Group. Twenty kilometres to the south,
the cast/west trending TMG sandstones form the
prominent Baviaanskloof mountains. Shallow in
cised valleys assoctated with north-south fractures
occur along the edge of the mountain range.

* To whom all correspondence should be addressexd
MO21) 762 2538: fax (02]1) 7620811
E-mad: cpriogrowsdwaterconsuliing com
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Figure 1
Location of study area

Rainfall/evaporation

Steytlerville has a raindall of approximately 240 man/a,
with the majority of precipitation occurring mainly
in late summer. The month with the highest rainfall
is March. Evaporation is nine times higher than the
rainfall, being 2 246 mm /a. Rainfall along the north-
em lank of the Baviaanskloof mountains s higher
than that of the town, being 500 mm/a. Even in the
higher rainfall areas, the mean annual rainfall re-
charge to groundwater Is low, expected to he ap-
proximately 6% of average rainfall.

Geology
The geology of the investigation area consists mainly

of TMG sandstones in the south and the Bokkeveld
Group shales in the north.  Superficial alluvial de-
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Table 1

s-wmmanm

Traka Subgroup
Ceres Subgroup

Bavisansiloof Formation
Skureeberg Formation
Goudini Formaton
Cedarberg Formaton
Peninsula Formation

Group

Table Mountain

posits occur along the river courses, with some
small colluvial fans oceurning at the mouth of val
leys incised into the Baviaansklool mountains. The
stratigraphy of the rocks found in the area is shown
in Table 1.

Hydrogeology

Structures in the Table Mountain and HBokkeveld
Groups play a large role in the avallability of
groundwater. In the west the nappe thrust created
by the thrusting of the TMG over the Bokkeveld
Group has produced a large number of small scale
structures. Evidence of this is obtained from a num-
ber of incised north-south trending valleys, Some
small scale chevron folds are overturned to the north
of the study area. The TMG is highly jointed and
fractured with fountains and seepages emanating
from these fractures.

Springs also emanate from fractures in the moun
tains, Flow from these springs recharge the colluvial
fans. High rainfall on the mountains recharges the
fans and allows the streams to flow for pertods of up
to four months after the summer rains. The
Bokkeveld Group rocks adjacent o the TMG moun
tains tends to deliver low yvielding, poor quality wa
ter. There are definite notable exceptions where
boreholes drilled in major west - east trending frac-
tures in folds and kink zones coupled with hortzon
tal fracture zones along bedding planes, caused by
large scale structural deformation, produce ex
tremely high vielding boreholes. The [act that these
zomes are recharged by long periods of run-ofl from
fountains and the fans areas. allows for a better
quality water than expected from the Bokkeveld, The
groundwater conductivity for boreholes dnlled in the
TMG, varies between 35 mS m and 53 mS/ m, while
boreholes drilled in the Bokkeveld Group shales have
a conductivity of between 215 mS/m and 230 mS
m. Yields from  production boreholes are vanable
with historical yields ranging from 10 to 15 U's for
limited periods. In the eastern section of the inves
tigation arcia, a major west-cast trending anticline
forms the Bloukop Mountain - this anticline plunges
below the Bokkeveld., with two of the production
boreholes drilled into the anticlinal axis

able 2
Step conducted on boreholes drilled
™G
GCS 2 SBH 2
Swep 1 Rate (£5) 33 212
Drancoan (m) 2.3 09
Swp2 | Rate () 519 s
Drawdown (m) 449 185
Step3 | Rate (0s) B14 54
Drawdown (m) 7.73 3
Step4 | Rase (0%) 1nes B21
Drawdoan (m) 1176 50
Step 5 Rate (0s) 153
Drawdown (m) 16.16
Borehole siting procedures

Electromagnetic traverses were undertaken along
lines determined from acrial photographs. The geo
physical traverses were undertaken using a Geonies
EM-34 ground conductivity meter. In general the
EM readings obtained over the TMG rocks vary be
tween 10 mS/m and -2 mS/m. Anomalies identi-
fied for drilling had readings below -2 mS/m as seen
In Fig 2. The shales in the southern wellfield gener-
ally have low EM readings and layers of interbed
ded shales might be mistaken for fractured sand-
stone anomalies.

Drilling of the borehole

Drilling of the last few boreholes drilled involved
drilling a small diameter pllot hole (165 mm). which
was then reamed to the correct depth based on the
position of the water strikes, After reaming (usually
toa lew metres above the decpest water strike which
was (o be explotted) a plain PVC casing was grouted
into place. cutting ofl any upper water strikes, Most
horcholes were drilled to a maximum of 100 m, al-
though some attempted deeper boreholes (> 150m)
were unsuccessful. Water sirikes start as shallow

as 25 m, but were normally in the range ol 40 - 60m
below surface. Blow vields range between 5 - 12

Aquifer testing of borehole

Evaluation of the step drawdown test data obtained
from boreholes drilled in the TMG in the southern
welllield suggests that the TMG Aquifer is capable
ol very high yields over a short period of time (see
Table 2)
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Typcal geophyswal traverses over anomales anled successiuly

A 48 h constant rate tests conducted at rates
exceeding 4 /s on these two borcholes, showed a
continuous dropping in water levels during the test

Water levels did not recover back to  the pre-
pumping static water levels after 48 hours of recov-
ery, indicating that the aquifer was being mined.
Measurement of water levels in surrounding bore
holes during the test, together with Theis distance
drawdown analysis, Indicated that the cone of de-
pression would extend approximately Hkm with con
tinuous pumping al 1.5 €/s. The long-term sustain-
able vield of a borehole or a wellficld is determined
ultimately by the recharge from rainfall or river flow
to this cone of depression. Natural recharge into
the 1km zone directly adjacent o cach production
borehole was determined as lollows

Natural recharge

= Area x Rainfall x % recharge to groundwater
where: Arca = 1 km radius around borehole;
Rainfall = 499 mm/a; % recharges 6% (Veg
ter's maps)

= 94011 Kt/a

The theocratical calculation suggest that the maxi
mum abstraction rate for boreholes drilled into the
™G Aquifer at Stevtlerville under the existing re
charge conditions should not exceed 3 8's on a con-
tinuous basis (365 days per year). Any abstraction
rates greater than this would result in a long term
lowering of groundwater levels through out the area

Since the Inital estimates of sustainable vield
were made in early 2000, monitoring of water levels
in the aquifer has suggested that the 6% recharge
figure utilised was too high. The harmonic mean of
the two Cl values (Table 3) 1s 49 mg/¢ - if the C]
value of the rain was 1 mg/f the recharge would be
2%, while at 2 mg/¢, the recharge would be 4%,
Lowering of the abstraction from the two boreholes
to 1.5 /s per hole (47 304 Kt/a) has resulted in

Table 3
Groundwater quality of TMG Aquifer
Chemical parameter SBH 2 GCS 2
Potassium as K mg¢ 35 24
Sodum as Na mge 61 3
Caloum as Ca mgt ¥ 253
Magnesium as Mg mg¢ 73 42
Ammonia as N mgt <01 <01
Sulphate as SO, mg! 50 2
Chionge as CI mgit =] 38
Alkalnity as CaCO_mg¢ 124 &
Norfle plus nerate as N mg ¢ <01 1
Iron as Fe mgt 25 24
Manganese as Mn mgt 053 02
Conductvity mS/m 53 »

pH 7.3 7
Saturaton pH 7 82
Total dissolved sokds mg/t 339 224

stabilisation of the water levels, suggesting that
recharge is in the vicinity of 3 - 4 %

Chemical sampling of borehole

A full chemical analyses was undertaken on two of
the production boreholes (SBH 2 and GCS 2). The
results are summarised in Table 3.

Groundwater quality of the TMG Aquifer 1s well
within the SABS maximum allowable limits set for
water for domestic supplics (SABS 241). Fe and Mn
were detected at levels higher than allowed. Precipl
tation of Fe and/or Mn will probably take place on
oxygenation of the water, which could result in the
clogging of the pumps and pipes in the reticulation
system.

Problems encountered and solutions

The majority of problems encountered are mainly
related to over-abstraction of the aquifers. No moni
toring program or abstraction program exist, and
recommended pumping rates are routinely exceeded.
Over-abstraction  also caused an increase in the
rates of tron clogging in some boreholes. To mini-
mise clogging and to stop over-abstraction, the fol-
lowing measures were introduced:

. new boreholes were equipped with plain PVC
casing to just above the main or deepest water
strike, thereby reducing the cascading of wa
ter down the borehole:

. steel casing was removed, thereby preventing
the introduction of corroded iron into the
borehole:

. pumps were installed to a level of 1 m above

main water strike, thereby maintaiming upward
inflow into the borehole; and
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. pumping rates were lowered and pumping was
changed to continuous pumping

Conclusions

The ™G sandstones form a vital source of water
for the town. Problems related to over-abstraction
and ron clogging of borcholes have been reduced
by developing more boreholes, utilised at lower ab-
straction rates. It s, however, still necessary 1o
monitor the abstraction and the water level response
to optimise wellfield management
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The Hydrogeology of the Uitenhage Artesian
Basin with Reference to the Table Mountain
Group Aquifer

LGA Maclear
SKRK Consulting Enginecrs and Scientists, PO Box 215842, Port Elzabeth 6000, South Africa

Abstract

The Uttenhage Artesian Basin lies in the Eastern Cape and (s South Africa’s most important
artestan groundwater basin, supplytng approximately | 400 M2 yr (44 28] of water from springs
for domestic use 1o Uitenhage. as well as supporting large clirus irrigation schemes. Grounduwxater
from this basin has been extensively utilised from the early pan of the 20 century including
perkxds of overexplotation resuliing in the declaration of a groundwater conirol area to Hmit
abstraction (o sustainable rates

The aquifer comprises fractured Table Mowtain Group (TMG) sandstones confired i the
castermn part of the basin by overfying Cretaceous stitstones and mudstones, resulting in arte
stan condiions. The Coega Fawll s a major structural feature dividing the basin into separate
systems, viz. the southern Swartkops Aquifer and the northern Coega Ridge Aquifer. thal are
hydrogeologically independent from one another. The Elands River syncline divides the Swart
kops Aquifer further into the Kruisrivier and Bethetsdorp Units.

Borehole yields commaonly range from 5 1o 10 Us and the groundwater guality is excellent
with low salinities. Water hardening. however, s roguired due o the ackdic and therefore corro
stve nature of the groundwater, typieal of other TMG Aquiters in South Africa. Using 'C data, the
age of the grounduwater in the basin ranges from 1 500 to 28 000 gears with a calcudated flow
rate of 0.8 m/a. From the chloride mass balance method, recharge rates are determined to be 25
to 55% of annual ratnfall, Groundwater temperatures generally show that depths of groundwater
strikes do not necessartly corresporsd with depth of origin. indicating a conyiex groundwater
circudation pattern within the basin.

Whilst the Untenhage Artestan Basin has been locally well studied, a basin-scale
lhupdrogeological characterisation s considered necessary Jollowed by recommendations and
Jormulation of a management plan (o ensure the contirtued sustalnability of groundwater sup

ply Jrom this national asset,

Introduction

The Untenhage Artesian Basin (UAB) is South Afn
ca's largest and hydrogeologically most important
artesian groundwater basin, supplving surface - wa
ter and groundwater for agricultural, domestic, com
mercial and industrial uses. It covers an area ol
about 3 700 k', occurring mostly within the Port
Elizabeth and Untenhage Districts in the Eastern
Cape, and 1s recharged by ramnfall on the Groot Win
terhock and Zunga mountain ranges to the west,
Groundwater from this basin currently supplies ap
proximately 15% of the total municipal requirements
of Uitenhage, one of the Eastern Cape’s largest in
dustrial areas. indicating the strategic importance

MOG1I581-191 1 Jax: (4 1) 58] 1964
e mall: gmachears srk. oo, 2a

of this basin. However, by the same token. the ur
banised nature of the central and castern portions
of the UAB has resulted in pressure on this vulner
able water resource. Increasing demand on the re-
source has resulted In an increase in the potential
for over-explottation and contamination
Hydrogeological conditions along the Coega Rudge
and in the Krulsrivier reglon in the basin changed
after 1908 from a free-lowing artesian system (o a
sub-artestan system. This was due 10 the amival of
drilling machines in the area and the resultant rapid
increase in the number of boreholes drilled (o aug-
ment the yvield from the artesian basin for irrigation
In 1950 the Hall Commission heard evidence regard-
ing the weakening flow conditions in the UAR. As a
result of substantial pressure from farmers in the
region, the basin was declared a Subterranean Gov
ernment Water Control Area ISGWCA) in 1957, The
Uttenhage SGWCA that encloses the central and
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castern portion of the UAR i1s shown in Fig. 1 and
covers an arca of 1125 k',

Since and as a result of the declaration of a con-
trol arca, the UAD has been extensively researched
with various groundwater studies having been con
ducted during the latter half of the 207 century,
These studies were commissioned primarily to char
acterise the hydrogeology of the basin and (o deter
mine the effect of various influences affecung the
flow conditions within the aquifer. This paper Is a
synthesis of the characteristics of the UAB with ref
erence Lo the hydrogeology of the T™MG.

Physiography

The western part of the basin is dominated by high
west-northwest striking mountain ranges (viz. the
Groot Winterhoek, the Elands and the Zunga Berge)
comprising the main catchment arca and the lower

lving Van Stadens Berg to the south. Towards the
cast, the mountain ranges are fringed by low-lying
terraced coastal plains that dip gently seawards and
surround an extensive alluvial Noodplain and estu

ary. Isolated koppies - formed by inliers of TMG sand-
stone - project through the soft Cretaceous strata
in the coastal area and along Coega Ridge

The basin enjoys a moderate mean annual pre
cipitation of 636 mm with rain during all seasons,
mostly due 1o orographic influences. The rainfall is,
however, variable over the whole basin with the high-
est falls in the mountatnous catchment (760 mm/a)
decreasing to 435 mm/a at Uitenhage. The region
has a temperate climate with warm summers and
mild winters and annual evaporation in the region
of 1 650 mm,

The easterly flowing Swartkops River and its two
main tributaries, viz, the Kwa Zunga and Elands
Rivers, are the major perennial drainage features of
the basin with minor ephemeral rivers draining the
southern catchment area. The predominant drain-
agie features follow structural weaknesses in the west
of the basin grading to an open-valley floodplain and
estuary in the cast.

Geology

The geologically dominant feature in the study arca
is the WNW-ESE striking and plunging depositional
trough delineated by Van Ecden (1952), The present
day UAB was an open basin in the Jurassic period
(120 m. years ago), ringed by mountains to the north,
south and west IMountamn, 1955). Pebble and boul
der alluvial deposits were washed from these moun
tains under a high-energy environment of deposi
tion and accumulated mainly along the western
margin of the basin to form the Enon Formation con
glomerate and sandstone. Clays were then depos-
ited unconformably on the Enon Formation - under
a basin-entry depositional environment to form the
mudstones and siltstones of the Kirkwood Forma
tion. Subseqguent invasion of the basin by the sea

deposited marine to estuarine clays (o lorm the Sun-
days River Formation.

During the Tertlary Pertod, numerous periods of
marine transgression formed terraces in the Creta-
ceous sediments of the UAH and depostted a veneer
of calcarcous sandstones (Algoa Group) with sca-
level retreat

The west and southern portion of the basin -
comprising the Groot Winterhoekberge, the Kwa-
Zunga River valley and the Elands and Van Stadens
Berge - s formed by quartzitic TMG sandstones.
Hokkeveld Group shales underlie a Llarge part of the
Elands River catchment, in the central west of the
basin. The central portion of the basin consists
mainly of Utenhage Group deposits with river allu
vium in the valley and foodplain arcas, Quatemary
Moodplain and Cretaceous terrace deposits of the
Algoa and Ultenhage Groups comprise the eastern
part of the basin, with mudstones and sandstones
of the Kirkwood Formation lorming the rolling hills
southeast of Utenhage.

Structure

Posit- Cape lateral compression during the Cape Fold
Belt orogeny produced zones of intense lolding that
produced the dominant, regional east-southeast
trending folds in the Cape Supergroup rocks, form-
ing the mountain chains in the UAB. Two large ESE
striking regional folds form the Elands River Syncline
in the south and the Swartkops River Anticline in
the north (Toerien and Hill. 1989). Figure | shows
simplified geological profiles through the study area
and llustrates the geometry of the aquifer units,

The Coega Fault is the major structural feature
in the region and is the castern extension of the re-
gional scale Coega-Baviaanskloof Fault Zone (Hill,
1985). The Cocga Faull is traceable from west of
Groendal Dam castward to the coast and is a nor-
mal tensional fault with an average vertical south-
ward displacement of the Cretaceous sediments of
550 m (Marats and Saayman, 1965)

The downthrow on the fault i1s hydrogeologically
significant sinee:

. It makes aquifer penctration logistically and
ecconomically unfeasible for simall-scale drill rigs
on the southern side of the fault, In the central
regions of the study arca,

. The aguiclude overlying the Swartkops Aqui
fer is juxtaposed against the artesian Coega
Ridge Aguiter (see below for agquifer delinea
tion detadl).

Hydrogeology

The UAB 18 a complex, Iractured rock aquifer with
the basin configuration controlled by post deposi
thonal faulting In the north and folding in the south.
The UAB's natural boundaries are the Indian Ocean
to the cast. the TMG-Bokkeveld Group contact in
the vicinity of the Coega River to the north. the Groot
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Swartkops Aquifer

Uitenhage Artesian Basin

Coega Ridge Aquifer

confned atesan 10 sub-artesian
TVMG sandstone + quartzite

Swartkops River Alluvial Aquifer
semi-confined % unconfined -
aluvum
1 1
Kruisrivier Unit Bethelsdorp Unit Figure 2
confined 1o semi-conlined sub-anfesan conlined %o semi-conlined Subdsion of the (Aenhage
TMG sandstone TMG sandstone « shale Artesian Basin
Table 1
Hydrogeology of the aquifer units within the Uitenhage Artesian Basin
Aquiter T s Q TDS * Water temp. | Abstraction Size
miid s mgit ’c Mm'fa km’
Coega Ridge: 50 - 400 2x 10 1-23 170 av 23-3 47 470
Swartkops: - . - . 1855 . -
Kruisrvier unit 2-9%0 5x10¢ 04-18 200 - 8 800 - 33 (1905) 110
1.7 (1993)
Bethelsdop unt . . 1-4 500 - 30 000 0.8 (1961) 150
0.01 (1883)
* TDS is vanable depending on the geclogy of the sowrce rock, with low salinity in the TMG and moderate 10 high salinity in the
Uitenhage Group.

Winterhoekberge 10 the west and the St Albans
Flats (west of Port Elizabeth) to the south. The
potential sustainable viekd of the UAB aquifer was
estimated at 80 /s by Venables [1985), with indi
vidual borehole viclds generally greater than 5 08,

Uitenhage Artesian Basin -
Aquifer delineation

he UAB 15 subdivided hyvdrogeologically by the
Coega Fault into two major aquiler systems, viz. the
relatively shallow Cocga Ridge Aguifer (CRA) north
of the Coega Fault and the deeper Swartkops Aqui
fer 1SA) to the south of the fault (Fig. 2). The two
aquifer systems function independently from one
another, e, abstraction from a borehole in one unit
only affects the yield of boreholes or springs in that
unit, and not in the neighbouring unit

The Swartkops Aquifer is further subdivided into
the Kruisrivier Unit and Bethelsdorp Unit by the low
permeability to impermeable Bokkeveld Group infill
of the Elands River Syncline and the Swartkops River
Alluvial Agquifer that ocours as a thin narrow unit
over most of the Swartkops Aquifer. The character

wsties of the agquifers within the Ultenhage Artesian
basin are summarised in Table 1.

Aquifer types

Two aquifer types occur in the UAB. viz. the minor.
shallow semi-confined to unconfined. primary
Swartkops River Alluvial Agquifer: and the deeper
major artesian o sub-artesian, fractured secorul-
ary aquiler, in quartzites of the TMG, and basal samnd
stone and conglomerate lavers of the Enon Forma-
von. Most of the artestan groundwater within the
secondary agquifer is restricted to relatively narrow
well-defined zones of intense fracturing,

The alluvial aquifer is separated vertically from
the fractured TMG Aquifer in the central to castern
parts by confining layers of Ultenhage Group sedi
ments (primarily Kirkwood Formation mudstones),
which form an aquiclude and result in artesian con
ditsons in the TMG Aguifer. The Elands River Syncline
sinking east towards Port Elizabeth, exposes the
Bokkeveld shales (aqguitard) below the Cretaceons
rocks. The syncline s hvdrogeologically significant
in the sty arca where the shales form an imper-




meable barrier, dividing the SA into the southern
Bethelsdorp and the northern Kruisrivier units
(Marais, 1965). The majority of abstraction in the
SA occurs in the Kruisrivier Unit, where groundwater
is pumped for irrigation purposes.

To the south and west, the secondary TMG Agui
fer Is separated horizonlally by low-permeable
sediments of the Bokkeveld Group (Fig. 1). The Coega
Fault marks the boundary in the UAB between ar
tesian conditions in the SA In the southern
downthrown side, and the CRA in the northern
upthrown side.

Groundwater quality

Groundwater in the TMG fractured aguifer Is of an
excellent quality with salinities generally less than
15 mS/m and is [it for drinking in its raw state. Due
to its low Muorkde content. however, addition of fluo-
ride. and/or blending of groundwater with surface
water is needed i it 18 1o be used as a sole long-term
drinking supply. In addition. water hardening is re

quired due to low pH as is the case at the Ultenhage
Springs.

Groundwater flow rates and recharge

Al groundwater samples analysed from the confined
zones of the CRA. have zero trittum (Venables. 1985),
indicating that the water being pumped from the
sampling boreholes is older than 55 years and that
no recent recharge 1S occurring at the sampling sites,
No intensive study on aguifer recharge has been
undertaken for the basin, Utilising the chloride mass
balance method, Maclear (1996), determined re-
charge 1o the TMG Aquifer feeding the Uitenhage
Springs to range from 25 to 55% of annual rainfall.

In & study by Talma et al. (1982) a recognisable
trend of increasing ages of groundwater with increas-
ing distance castward along the strike of the Coega
Ridge was ientified from "C data. The age of the
groundwater ranges from 1 500 years at the Uiten-
hage Springs immediately cast of the recharge arca,
o 28 000 years at the Coega Kop discharge area
(Heaton et al., 1986). From these dates, the flow rate
along the flow-path in the CRA is calculated at 0.8
m/a.

Groundwater temperature

The avallable groundwater temperature data from
boreholes dnlled mmto the TMG Aquifer in the UAB
show little correlation between groundwater tem
perature and borehole depth, to be expected in a
confined aquiler system. The groundwaler tempera
ture is a function of the depth of circulation of the
groundwalter system rather than the depth of the
walter-strike in a borehole.

From the temperature, the circulation depth of
the groundwater in the aquifer can be determined,
although the dillering thicknesses ol the overlying
Cretaceous sediments in different portions of the

basin makes interpretation difficult with respect to
applying a simple geothermal gradient to the TMG.
For example, the 160 m deep borehole drilled into
Eye 2 at the Ultenhage Springs was drilled directly
into the TMG and has a groundwater temperature
of 23" C, whereas the Amanzi Estate borehole is only
55 m deep, has a Cretaceous overburden of 38 m,
and a temperature of 33°C. Using a geothermal gra
dient of 37 m/°C (from Jones, 1992) and an ambi-
ent temperature for the recharge water of 18° C, the
temperature of Eye 2 at Uitenhage Springs indicates
a groundwater circulation depth of 185 m compared
with 555 m for the Amanzi Estates borehole. In con-
trast, the circulation depth of the 54°C artesian
groundwater that flowed out of the old Zwartkops
Spa borehole (discussed In a following section) is
estimated at 1 330 m.

Coega Ridge Aquifer

The CRA occurs in the north-central portion of the
study area. This aquifer s comprised of quartz
arenites of the TMG overlain by impermeable mud-
stones and silistones of the Ultenhage Group, which
forms an aquiclude. The aquifer stretches from im-
mediately west of the Ultenhage Springs. castward
along Coega Ridge, 1o the coast. The steep 150°) north-
erly dipping TMG-Bokkeveld Group contact to the
north forms the northern boundary to this aguifer.

The CRA Is economically significant as the source
of the arntesian to sub-artesian groundwaler at points
of large scale abstraction, viz. Ultenhage, Sand-
fontein, Amanzi Estates, Coega Kop and Wells Es
tate (Figs. 1 and 3), where groundwater s used for
irmigation of citrus (for export) and lucermne, as well
as for domesuc use,

A strong degree of hydraulic connectivity exists
Letween tw boreholes along the Coega Ridge, dis-
cussed In detail by Maclear and Woodford (1995).
The nature of this relationship is, however, unpre
dictable and is a function of the degree of Intercon
nection of the water bearing structures, as well as
the differing depths of groundwater circulation.

Uitenhage Springs

The Uttenhage Springs (Fig. 1) daylight from [rac-
tured TMG sandstone at the foot of the Grootwinter-
hockberge, approximately 8 km north-northeast of
Ultenhage in the west of the CRA. The cumulative
artestan flow rate from nine cyes is 45 &5 The speing-
flow rate has varied over time (Fig. 3). espectally in
the period from the carly 19005 (o the 1960s due
maostly 1o over-abstraction (Maclear and Woodford,
1995). The effect of this reduction in flow at the
Uttenhage Springs (from 82 ¢/s at the tum of the
century, to 35 /5 in the late 19508) resulted in the
call for the declaration of a control area. since the
Springs provided Ultenhage's main water supply at
the time.

It is of interest (o note that the major Increase in
boreholes drilled in the CRA during the period men
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toned above did not increase the total yvield of the
unit, which remained relatively constant at 80 /s,
but rather increased the depth 1o the piczometric
level (Fig. 1), thus changing pressure conditons from
artesian to sub-artesian. If anvthing. the vield from
the unit decreased slightly towards the end of the
1960s, as a result of increased leakage (through
rusted borehole casings) of groundwater - under
artesian pressure - into the confining overlving Cre-
taceous sediments.

Swartkops Aquifer

The Swartkops Aquifer (SA), shown In Fig. 1. com-
prises the arca south of the Coega Fault and
stretches from Groendal Dam in the west to below
Port Elizabeth in the cast. [t has similar hydrogeo-
logical conditions 1o the Coega Ridge Aquifer, with
the only major difference being the much greater
depth 1o the TMG Aguifer in an casterly direction - a
function of a thicker overburden of Cretaceous
sediments, The SA s not hydraulically linked to the
CRA and Is semi-confined to unconfined on s south-
ern boundary, with a piczometric level (and thus
hydrostatic pressure) 100 10 120 m lower than that
of the CRA.

The two hyvdrogeologhcal units of the Swartkops
Aquifer are discussed in more detall below

Kruisrivier Unit

Drilling is generally successful to the west of the
Krutsrivier Unit due to the relatively thin deposits of
overlving Cretaceous sedimenis (o be penctrated.
before the TMG quartzites or basal sandstone lay
ers of the Enon Formation are intersected,

As a result of observations by Marass ( 1965) that
artestan pressure increases with increasing depth
in the sandstone, this researcher deduced that there
s no direet surface recharge to the artestan sand
stone aquifer. Groundwater from the TMG Aquifer
(recharged by rainfall on the upper basin catchment)
instead recharges the basal sandstone unit of the
aquifers in the Kirkwood and Enon Formations by
lateral and vertical pressure leakage (o these for
mations from the bounding quartzitic sandstone
unit.

This observation was supported by findings by
Bush (1985), where groundwater quality analyses,
carried out during pumping tests on exploration
borcholes in the Kruisrivier Unit, showed that there
was a decrease in salinity and an increase in acidity
of the groundwater with Increasing duration of the
test. This 1s considered 10 be a Tunction of progres
stvely increasing groundwater contributions from the
TMG quartzites and decrease in groundwater de-
rived from the overlying mudstone,

High TDS concentrations in the Krulsrivier
groundwater are a resull of mixing of water derived
from localised TMG sandstone outcrops and over
lapping Cretaceous formations. Comparison of bore-
hole hydrochemistry in this portion of the basin

shows that boreholes abstracting groundwater from
an aquifer of mixed provenance have a higher salin-
ity than those from a quartzitic provenance.

The areas of Krutsrivier with low salinity ground-
water. and consequently the areas of large-scale
abstraction, correspond to areas obtaining their re-
charge directly from the Groot Winterhoekberge and
Elands River Forest Reserve, rather than from seep
age from the overlving clavey mudstones of the Ulten.
hage Group

Bethelsdorp Unit

The Bethelsdorp Unit (Fig. 1)1s located in the Swart-
kops Aquifer on the southern margin of the UAB
and is bounded by the Cape Supergroup outcrop to
the south, the Elands River Forest Reserve and Groot
Winterhoekberge to the west, the shale-filled syncline
to the north and Algoa Bay to the cast. The major
agquifer in the Bethelsdorp Unit is situated beneath
the low-lying foot of the Bethelsdorp escarpment in
fractured TMG quartzites, which are overlain by low-
permeability. confining layers of the Dokkeveld
Group sediments. Where the TMG Aquifer has not
been penctrated by drilling, the Kirkwood Forma-
ton sandstone and the Enon Formaton conglomer

ate are considered as the aguiler, with the Kirkwood
Formation mudstone acting as the aquiclude.

I'he Bethelsdorp Unit is under-utilised compared
with the Krulsrivier Unit. [t 18 artesian to sub-arte-
sian in places and has not been a focus of intensive
study In the past. Borcholes of vartable, moderate
vields can be drilled with some degree of success,
The boreholes drilled into this unit are relatively
shallow (25 10 200 m) with the highest yields being
obtained from boreholes which first penctrate the
confining Bokkeveld Group before intersecting TMG
quartzites, thercby resulting in artestan conditions,
with a general increase in yield with an increase in
depth of TMG penctrated (Marals, 1965),

Zwartkops Spa borehole

A discussion of the Zwartkops Spa borehole - lo
caled in the Swartkops River Valley on the northern
outskirts of Port Elizabeth - is relevant, since this
famous borehole (location shown on Fig. 1) provides
the only geohydrological information avallable for the
deep discharge portion of the Swartkops Aquifer to
the east of the basin.

The borehole was originally commissioned for ol
exploration and drilling commenced in 1906 with
the arrival of & drill crew from the oil fields of
Poland. Drilling ceased in 1909 at a final depth of
1 082 m below surface (1 075 m b.s L) when hyperther-
mal (54.5°C) artesian groundwater, flowing at a rate
of 13 ¢/s was struck and the upward artestan pres-
sure balanced the total weight of the drill-string.
thereby making deepening of the borehole impossi-
ble.

The artesian flow of the Zwartkops Spa borehole
is assoclated with a regional fault of stmilar charac-
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ter to that of the Coega Fault, Whilst the sandstone
encountered at final depth was of uncertain geo-
logical origin. the hydrochemical nature of the
groundwater indicates it 1o be a mixed sample of at
least two major rock types: high Fe typical of TMG,
but relatively high TDS (560 mg/ & indicative of the
Bokkeveld Group

The thermal properties of the TMG Aguifer host
rock in this part of the basin are a result of an in-
crease in groundwater temperature with depth. This
temperature increase is a function of the geothermal
gradient of the host-rock, as well as residual heat
from the structural deformation (specifically Meso
zole lolding) which the Cape Supergroup underwent.
Maclear (1996) calculated a depth of groundwater
circulation for the Zwartkops Spa borehole at 1 330
m. Accordingly. the groundwater that fed the Spa
horehole for 50 vears onginated from at least 250 m
deeper than the depth of the thermal water-strike.
This Hllustrates the structural complexity of the ba-
sin and the effect this has on the groundwater cir-
culating condittions within the fractured TMG sand-
stone comprising this aquifer,

Due to the reported medicinal properties ol the
artesian groundwater. a hotel and health spa was
bullt around the borehole, viz. the Zwartkops Spa.
The claimed medicinal properties of the spa water
were a function of the high Fe content and hypot-
onie nature of the groundwater, which was used
consumptively, mainly in the treatment of anacmia.
The Zwartkops Spa subsequently became one of the
leading resorts of its type in the country. In 1965,
however, the borehole became defunct as the steel
casing rusted through due to the corrosive nature
of the groundwater and groundwater subsequently
leaked under artesian pressure at a rate of approxi-
mately 410 000 m'/a (13 ¢/s) into the Cretaceous
sediments and overlying surficial alluvial deposits.
In 1969 the borehole was eventually grout-sealed
by the Drilling Division of the Department of Water
Affairs and Forestry to prevent loss of groundwater
from the Swartkops Aquiler and the Zwartkops Spa
closed down,

Discussions and recommendations

The Uttenhage Artesian basin is the only extensive
aquifer with free-flowing artesian conditions ol s
type in South Africa. Whilst it has been locally well
studied. a need exists for basin-scale hydrogeological
characterisation. The UAB s considered an ideal
working model” of a fractured TMG Aquifer, since it
contains all the variables found i sumilar Cape Fold
belt agquifers within a relatively small and well-de-
fined arca, such as artesian and sub-artesian con-
ditions, cold 1o hyperthermal water and macro- to
micro-scale fracturing. Such a study would produce
a better understanding of TMG Aquifers in South
Africa to the benefit of groundwater users and ad
vance the science of hydrogeology

Since groundwater from this basin is an impor-
tant supply of water for domestic and large scale
irrigation purposes, it s vital that a groundwater-
FESOUrce awarcness campaign is initiated and en-
couraged to ensure water conservation in the fu-
ture. Sinee all groundwater resources only have a
finite supply potential, demand-based abstraction
from the basin should be planned and carried out
on the advice of hydrogeological specialists, for the
ultimate benefit of the groundwater users and the
community dependent on this resource,
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Springs in the Table Mountain Group, With
Special Reference to Fault Controlled Springs

PS Meyer

Private Bag X6553. George 6530, South Africa

Abstract

One of the charactensiics of the Table Mountain Group (TMG) is the nuwmerous springs issuing

froam Uit

According to the mode of occurrence. three types of springs can be identified. namely

shallme circulating springs. lithology controlled springs and fawlt controlled springs. The basic
characteristics of the first o spring types are discussed briefly, while the characteristics of the
fault controlled springs are dealt with ire more detail. The mudtitude of springs ermanating [rom
the Table Mountain Group can be considered the reglon’s maost valuable narural asset and showld
be protected from indiscreet groundwater development.

Introduction

The TMG s a largely arenaceous rock group, ex-
tending from Cape Town northwards (o beyond Clan
willlam and castwards as far as Port Ellzabeth, 1t s
of Ordovician to Stlurtan age, and overlies the meta
morphic rocks of the Namibian erathem. viz. the
Malmesbury Group in the west, the Kaaimans and
Kango Groups In the central region around George
and Oudishoorn and the Gamtoos Group, which
outcrops mainly west of Port Elizabeth. The TMG Is
conformably overlain by the predominantly
argillaceous rocks of the Bokkeveld Group. A prod
uct of the intensive folding which the rocks had
undergone Is the number of scenice fold mounuan
ranges which host numerous geological features
such as folds, faults, fractures, flissures and intri-
cate joint systems. Many of these features give rise
to one of the distinet characteristics of the TMG,
namely the abundance ol springs Issuing from 1.

Springs according to mode of
occurrence

Based on thelr mode of occurrence, the lollowing
spring (ypes have been differentiated:

Shallow circulating springs

The shallow circulating springs seep from a network
of joints, small, irregular fractures and from bhed
ding planes within the TMG. These springs are drain
ing gencrally small subterranean reservoirs, nota

MY B74 1657 fax: (O44) 8740244
email: MeyerSOdieafwop, cooape.gon,2a

bly during and following rainy spells. They are gen-
crally low-yielding. many being seepages only, Their
vields are highly seasonal, and most of them cease
10 exist with the onset of dry weather conditions. In
view of their generally intermittent behaviour, it is
debatable whether many of these springs can in fact
be considered proper springs.

Lithology controlled springs

Lithology controlled springs (Fig. 1) issuc due to the
presence of impeding or impervious layers. Three
types of lithology controlled springs can be idents
fied, namely:

Springs issuing from contacts with interbeds

The Cedarberg Formation is the most important and
well- known interbedded shale laver in the TMG and
due to IU's relative imperviousness it probably ac-
counts for the bulk of the perennial springs in the
TMG terrain. This shale unit s furthermore hydro-
geologically important as it almost invariably divides
the TMG iInto two separate groundwaler systems.
Saturation of the Peninsula Formation commonly
resulls in the rise of springs on the Peninsula For-
mation/Cedarberg Formation contact at sultable
topographical levels, from where it overflows onto
the Nardouw Subgroup

The following are a few well-known Cedarberg
Formation related springs, 1o name but a few: the
Hocksberg Spring (south of McGregor), Vermaaks
(currently dry) and Mamewicks Springs (in the Kam-
manassie Mountains), the Meiringspoort Spring (up-
stream Irom the waterfall), the Swartberg Spring
(feeding the Dorps River at Prince Albert) and the
Humansdorp Spring. Other unnamed interbedded
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Schemalc prafie 0 dustrate spang occurmance i the Table Mountain Group (TMG)

A = Bokxeveld Growp

B = Nardouw Subgroup
C = Cederberg Formaton | nas
D = Peninsida Formaton

E = Pre-Cape Naman age rocks
F= Faut

shale layers may also account for spring occur

rences., especially towards the east of Uniondale. The
Karcedouw Spring, providing the town with water.
15 an example of a spring most probably issuing from
an unnamed interbedded shale layer within the Pe-
ninsula Formation.

Springs on the TMG/Bokkeveld Group contact

One would expect the TMG/ Bokkeveld Group con-
tact to be a likely locality for the emanation of lithol
ogy controlled springs. However, except for a few
scattered springs emanating on that contact along
the northern foothills of the Kammanassie Moun-
tains (Water Research Commission, 2000) and pos-
sibly the springs at Dysselsdorp (dry since the late
1970s probably due to groundwater development
i that areal, no other springs Issuing on the TMG
Bokkeveld contact have so far been reported

Generally speaking., springs emerging on the
TMG Bokkeveld Group contact can be linked o
faults i the TMG and can thus be termed fault con-
trolled springs

Springs issuing from unconformities

The discordant contact between the olten fractured
quanzitie-sandstone of the Peninsula Formation of
the TMG and the underiying impervious argillaceous
units of the Malmesbury., Kaalmans, Kango and
Gamtoos Groups (Fig. 1) §s an important Jocality for
some of the lithology controlled springs. The series
of springs emanating on the western side of the
Kasteelberg west of Riebeek West, and the numer

ous springs issuing on the southern foothills of the
Outenigqua Mountams north ol George exist. due o
the presence of impervious argillaceous rocks of the

I = Shalow crculating spang

2 = Spang issuang from contact mih interded

3 = Spang on he TMG Bokkaveld Group contact
4 = Spang sssung from an unconformity

5= Fault controled spring

Malmesbury and Kaaimans Groups respectively.
These springs are being fed by groundwater from
the overlying fractured TMG rocks. Even the springs
in the limestone units ol the Kango Group north of
Oudtshoorn reveal distinet TMG groundwater fin
gerprints (Barnard, 1993) from the nearby TMG of
the Swartberg,

One of the distinguishing characteristics ol the
lthology controlled springs s their relatively wide
ranging vield Nuctuations.  The yield ol the
Marnewicks Spring (Cedarberg Formation related)
for Instance generally varies between 9 and 19 s
and that of the Rooi River Spring north of George
IKaaimans Group related) fluctuates between 0.4
and 4 ¢/'s. The groundwater quality of the lithology
controlled springs Is almost without exception ex
cellent. ECs generally range between 10 and 35
mS/ m, and no record of any chemical determinants
exceeding recommended limits for human consump
ton have been recetved. The groaundwater from these
springs has a pronounced sodivum - chiloride nature

Fault controlled springs

The cleven more important and well-known fault
controlled springs occur from Citrusdal in the wesi
o Ultenhage in the cast.  The alignment of these
springs follows a remarkable incurvature (Fig. 2)
which appears to mimic the shape of the Cape Fold
Belt. The alignment of these springs may be mean
ingiul in terms of the deeper Cape Fold Belt struc
lure

It % interesting 1o note that tive (or 46°%) ol the
major fault controlled springs are situated in the
relatively limited syntaxis domain (Fig. 21, which s
indivative of a greater frequency of deep fracturing
in that domain compared to the rest of the ocour-
rence arca. It s also notable the area cast of 23°E s
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Figure 2
The positions of he mos! Important and wall-known [aull controfied springs in the Table Mountan Growp relatve 1o the broader
Cape Folt Bekt reaim
devord of thermal and hyperthermal springs, indi . Hydroxides of iron and/or manganese. rang

cating a region of less deep groundwater clreula-
ton. It would be interesting 1o determine whether
this phenomenon could be linked (o the prevalence
of thrust faulting in the area east of 23°E (Booth
and Shone. 1999:; and Murray. 1996),

The major fault controlled springs have the fol
lowing characteristics (Table 1)

. They all rise from conduits in competent, frac
tured and fissured quartzitic-sandstone of the
TMG which are in all instances faulted against,
or are in contact with incompetent Cedarberg
Formation and Bokkeveld and Uitenhage
Groups aquiciudes

. They are all at least hypothermal springs, with
water temperatures in excess of 200C, They are
thus all relatively deep clirculating springs.

. They are all strong yielding (vields range be-
tween 9 and 127 ¢/s) and seasonal fluctuations
are limited

. The groundwater quality of all of them Is excel
lent, and ECs do not exceed 35 mS/m.

. The dominant chemical determinants of the

groundwater are sodium and chiornde

ing between 0.1 and 2,0 mg/ & have been re-
corded In most of them

Brief discussion and outlook

The Table Mountain sandstone terrain is generally
mountainous, rough and often inaccessible. As a
result. many springs in the TMG, particularly those
Issuing from interbed contacts, are largely situated
where the Influence of human activities Is unlikely
to be felt. Some springs, however, especially those
bordering on or located within reach of arcas with
development potential, would be vulnerable in terms
of groundwater abstraction and groundwater pollu-
ton. The reduction and even ceasing of spring flow
at a lew localities subjected 10 groundwater devel-
opment and subsequent large-scale abstraction, is
proof of this danger

The multitude of springs emanating from the TMG
support numerous established communities and
play an important role in the agrnicultural sector,
These springs can thus rightly be regarded as one
of the region’s most valuable assets and warrant
careful protection. To protect the springs from inju
dicious exploftation. any extensive groundwater de-
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Table 1
Salient information on the major fault controlled springs

Name of

Temp.
(*C)

Yield
()

Cond.
(mSwm)

Probable
depth of
circulation
(m)*

The Baths
(Cerusdal area)

19° 02 (e’

2000

Hyperthermal

Geglogical sefting: shuated on an E-stkng fault in Pennsula
Formation (TMG) sandsione, on the wesiem bmb of & deep synchne on
the cortact with the Cecarberg Shale Formation. Dominant chemical
getermnants: sodwm and chiproe Uhisation: recreation

WA

19° 15 53

n

1700

Geological setting: stued on a NNW-strking fautt n Paninsua
Formation (TMG) sandsione near the contact with Bokkevel Group
shale. Dominant chemical daterminants: sodium, sulphate and chionde.
Ulhisaton: recreaton.

Brardvel

l9- 24 wl

127

Gaclogical settng: situated on a NE-stnking faut in Nardouw Subgroup
(TMIG) sandstone on o close 10 the contact weth Bokkeveld Group
shale. Dominant chemical deferminants: sodum and chioride.
Utlisaton: under-utilsed. party usad for domestic supoly.

N30

19°26' 18’

37

1600

Geological seting situated on an E-striung fault, Peninsula Formaton
(TMG) sandsione fauted againg! Bokkeveld Group shale. Dominant
chomicl delerminants: sodum and chionde. Utisaben recreaton

Avalon
(Montagu)

33" 45'57

20" 07 o

n

Hypethermal

Goological setting: situated on an E-striking fault. Nardouw Subgroup
(TMG) sandstone faulted aganst Bokkeveld Group shale . Dominant
cnamcal determinants: sodwum and chionde. Ublsation: recreaton.

20T

Y

10

Geologcal setting: stuated on an #i-defined E-striking fault in Nardouw
Subgroup (TMG) sandstone on the contact wih Bokkeveld Group
shale. Dominant chemical determinants. sodiam and chionde
Utilsabion. recreaton

Warmwater-

20 54 07

2100

Geological setting: situated on a NE-strking faut Nardouw Subgroup
(TNG) sandstone tauled aganst Bokkeveld Group shale Domnant
chemical determmnants. sodium and chicride. Utiisaton: recreation

AP 2500 9 Ly




Table 1 (continued)
Name of Co-ordinate Temp. | Yield Cond.| Probable | Classification Remarks
spring rc (ts) ﬂ depth of of thermal
South East circulation water §
(m)
Calzoomp 33°3938 | 21w 2 8 3 2500 Hypertharmal Geologeal sefing: shuated on a NE-strkng taull Nardouw Subgroup
mkﬂ M‘L (TMG) mw?ummmuq
W S0 and Uthsanon:
rcreation
Toveraate! WaHW|)amww 24 ) 15 2000 rypomernal Geologeal settimg: stuated on the E-stiking Cango fault. Perinsuta
FM(M)MWWWFM(M
Growp) conglomerane. Domnant chemcal determinants: sodium and
chionde Utisaton imgabion
Stuces NNy |3TN 24 k)| 18 480 Hypothermal Geological sefting: stuated on a NE-striking fault. Nardouw Subgroup
(TMG) sanastone faulted aganst Bokkeveld Group shale. Lixaly
domnant chemical determinants: sodum and chionde. Utiksation
Imgason
Untenhage 3374205 | 257 26' 18" 23 a5 ) 400 Hypothermal Geological setting: sausted on an ESE-stnking fault (Maclear 1966) in
Peninsula Formation (TMG) sandstone, on or close 10 the contact with
Kirkwood Formabon (Uenhage Group). Yield fuctuales in accordance
wi abstrachon from aquiter (Maclear 1996) Domnart chamcal
determinants. sodium and chionde. Utisation: munoipal use

* Average geothermal gradsent of 1°CB0 m was derdved Fom relatvely deep
geophysical borehole logyng data of six scatiered boreholes in the TMG |
assuming the dowrmard rate of increase contnued unfiormly. Ambient waler temp. 18°C

# Nalan classdcaton (Keet 1969)

Note: For information on sotopas, see in this ssue: * Thermal Springs of the Tabée Mountain Groug” by C. Harnis and R.E. Diamond

Wates temp. below 20°C = cold
Water temp. betwaen 20°C and 30°C = hypothermal
Water tamp  betwean 30°C and 40°C = memal
Wates temp. above 40°C = hyperthermal

SONS GSED 9 LES
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velopment in the TMG should be preceded by a
study 1o assess the impact of this development on
the springs. taking into account. amongst others,
the mode of occurrence of springs in the proposed
development area.

To fully understand the hydrogeological complexi-
ties of the TMG. a knowledge of the distribution and
mode of occurrence of springs In the TMG Is neces-
sary. Relatively hittle 1s. however, known about
springs in the TMG and a comprehensive study. in-
cluding aspects such as spring distribution, mode
of occurrence. vield sustainability and vulnerability
to exploitation is highly recommended.
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Part 6 Case Studes

The Thermal Springs of the Table Mountain
Group: A Stable Isotope Study

C Harris* and RE Diamond

Department of Geological Sclences, Untversity of Cape Toun, Rondebosch 7700, South Africa

Abstract

Thermal springs rangtng in temperature up to 64°C issue from rocks of the Tabie Mountain
Group (TMG) which indicate deep (in some cases > 2 k| cireulation of groundwater, The &) and
&0 values of the springs range from <6 o -18% and 7.3 1o 3 9% respectively. Although the
thermal springs have sotope composttions that plot cose to the local meteoric waler line, thelr
A and &0 values are significantly lower than amblent meteoric waler, or groundwater, It is
thercfore suggested that recharge of most springs s at significantly higher altttude than the
spring. The isotope ratios decrease with increasing distance from the west coast, which is in pan
related to the continerual effect. However, a negative correfation befiveen spring water temperalure
and &0 value in the springs closest o the west coast indicates a progressive increase in the

average altitude of recharge away from the coast.

-
Victaris Want

Figure 1
Sketch map of the Wastern cape showing the location of thermal springs sampled. The location of
ranfad montoning statons af the Unwersity of Cape Town (UCT), Cape Town Infemational Auport
(IAEA), Carusdal. Tusbagh and Oudtishoom ave also shown. The thermal spnng at Cirusdal s
known) as “The Baths™ but 10 avord confusion o $ relerred 10 as Cirusda! in the laxt. The ares of
outcrop of the Cape Supergroup forming the Cape Fokt Belt mountains i indicated (takan from
Theron et al, 1891)
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Introduction

There are over eighty seven
thermal springs in South Al
rica ranging in temperature
from 25 64°C, They are not
assoctated with recent volcanic
activity, which Is unknown in
this part of Africa. The geology
and chemical composition of
the springs have been de-
scribed by Kent (1949), Hofl-
mann (1979) and Mever (2001),
Most Western Cape thermal
springs issue [rom rocks of the
T™G where faulted and highly
jointed quartzites and sand
stones of the Cape Fold Belt act
as the main deep aguifer. In
this case study, we review hy-
drogien. oxygen, trittum and *C
isotope data, and some trace
clement data for TMG thermal
springs from existing publica-
tions by Mazor and Verhagen
(1983), Dlamond (1997) and
Diamond and Harris (2000)
The atm is to show how isotope
data have been used o con-
strain the nature of the re
charge and mechanismis) of
heating of the thermal springs
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Table 1
General information about thermal springs sampled
Spring Temp Flow Al Dest. Geological environment
< (t's) (m) (km)
Badean 37 38 280 TMG-Bokkeveld Group contact, near regional fault
Beandei 64 126 220 TMG-Bokkeveld Group cortact, regonal fault
Caledon 0 9 380 TMG-Bokkeveld Group contact, near regional fault
Calnzdorp 52 i 200 30 TMG-Boskeveld Group cortact, near reglonal fault
Canusasl 43 ] 250 Fault in Nardouw Subgroup of TMG
Goudini %0 1" 280 Ragional faut n TMG
Montagu 4 k. ..\ TMG-Bokiuewirkd Group contact. near regonal tauk
Toweraater S 1 &0 “@ Rogional tautin TMG
Warrmwalecberg 5 9 500 225 Near top of Narcouw Subgroup, near regonal fault
Witzerbeny ~28 ~1 a0 06 Perinsula Formation
Distance = distance from the West Coast measured n a straight ine with an E-W orentasion
Moafiad from Diamond (1987)

All groundwater that sinks to any appreciable
depth will become heated because of the geothermal
gradient. Mazor (1991) suggested a purely arbitrary
temperature divide between cold springs and ther-
mal springs of 6°C above average annual surface
temperature. The Western Cape valleys and coastal
plains experience annual average temperatures be-
tween 15°C and 200C, so any water discharging at
or abhove about 26°C can be classified as a thermal
spring. In the Western Cape. there is a full grada-
tion from cold (<20rC) to the hottest spring in the
country, Brandviel, 64°C. Data from all of the well
Known thermal springs in the arca were sampled
during this work (Table 11, The majority are above
400C, with one spring. Witzenberg (28°C) just Lalling
within the classification of thermal. Most of the
springs are found at relatively low altutude (<300
m), with two springs found at 700 m or above (Tower-
water and Witzenberg), The spring with the highest
vield (Brandviel] is also the hottest, whereas most of
the springs with Jow discharge are relatively cool.
This may in part be due 1o more effective cooling by
heat loss to the surrounding rock in the case of the
springs with low yield. Diamond (1997) and Diamond
and Harris 12000) suggested on the basis of the likely
geothermal gradient that the thermal water at
Hrandviel must come [rom an average depth ol 2.35
km. This estimate s in agreement with geological
cross sections (Diamond  and Harnis, 2000,

Results
Chemistry

Chemical data for three TMG springs (Goudini,
Brandviel and Calltizdorp) were presented by Mazor
and Verhagen (19831 Compared to hot springs lo-
cated in other source rocks in South Africa, these
springs have low total dissolved lons (< 200 mg /0
with no group of jons dominating

Carbon isotope data and tritium

Mazor and Verhagen (1983) obtained a range of §'C
values from -18.9 to <24 5%, for dissolved bicarbo
nate in some Western Cape springs (Montagu.
Caledon, Brandviel, Goudint and Citrusdall. Dia
mond (1997) measured the 57'C values of CO_ gas
discharged with the spring water at Brandviel and
Calitzdorp and obtained &°C values of -22.7 and
-21.5%« respectively. Mazor and Verhagen (1983)
determined the "*C content of five of the springs (Ta-
ble 2) which vary from 47 10 78 pmC (per cent mod
e carbon). These authors also measured the -
tium content of five of the springs and found that
only Citrusdal and Goudinl have tritium slightly
above 1 TU (trithum unit; 1 TU = "H/'H of 10 %), Be
cause of the possibility of contamination at the time
of sampling (Mazor and Verhagen, 1983). values
below | TU can be regarded as tritium-free,

Hydrogen and oxygen isotopes

Water 8D and 80 values are presented in Table 1
and are plotted against altitude and temperature in
Fig. 2. The 67O vs. temperature plot shows two dis-
tinct groups of samples with negative correlation.
e springs plotting in the upper group are Goudind

Caledon. Citrusdal and Brandviel all of which are
found In the belt of mountains closest 1o the coast
(the "coastal group”™). The springs which plot on the
lower group are found in the mountain helts further
inland (Fig. 1), This negative correlation Is less strong
lor o) vs. temperature, There Is no correlation be

tween isolope ratios and heght above sea level, For
those springs less than 200 km from the west coast
(Fig. 3). there Is a good correlation between isotope
ratios and distance from the west coast.




Plot of 50 and 570 vabves of hermal sonngs vs. lemperature and
hewht of spring above sea level. Cit = Cirusaal, G = Goudiry, Cale
= Caledon, Br = Brandviel. Wi = Wizenderg, Bad = Baden. WW =
Warmwaterberg. 1o = Toowerwater, Cab = Caltzdom.
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Piot of D and 570 of thermal sprng waler vs. dhstance from the
wes! coast of southemn Afnca measured in an E-W avecton
Abbreviatons for Springs in upper dagram as or Fig. 2. in lower
dagram, hewght above saaievel for aach sprng s indicated

Table 2
Isotope data for thermal springs

Spring TOI (mgl) 80 50 | §Cogas §C T “C

HCO, (pmC)
Baden 3 45
Brandve: 120 X0 56 27 189 05:03 N7
Caladon N 55 216 08:03 42
Caltzdorp m 0 73 215 03:03
Canusdal 20 49 200 11103 N7
Goudni El 2% -l 245 11203 w2
Montagu 3 64 213 a8l
Toowerwater 41 49
Warmmaterberg 46 70
Witzenberg -30 56

Notes: TDI = total dissolved ons, TU « itum unts, pmC = percent modem cardon. TDI, ecarbonate §'°C,
iritium and "“C data from Mazor and Verhagen (1983) on samples collected in 1971-2. Oxygen, hydrogen

and gas 5"°C data from Damond and Hams (2000). H, O anad C isolope cata are repored in the tamiiar &
notation, relative to SMOW, where 5 = (R___R,- 111000, and R = “0r*0. DM or "Cr°C.

Discussion
Carbon isotopes and tritium

The gas and the dissolved bicarbonate 8 °C values
(-18.9 10 -24.5%) clearly label the carbon as being
of organic rather than volcanic onigin, The §''C val
ues of the gas samples of <21.5 and -22.7% are
much lower than the typical & °C values lor volcane

and geothermal CO, of 0 to -11% (Taylor, 1986)
I'he most lkely source for the carbon s soll and
vegetation at the area of recharge (Diamond, 1997.
Diamond and Harris, 2000).

The low tritium content indicates that the water
in all the springs (except perhaps Citrusdal and
Goudint) contains little or no recent (post 1952) wa-
ter. The "'C data are harder to Interpret because the
initial *C content at recharge Is not known. Mazor
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Town (Harris, unpublished data).
The rainfall data are compared o
the thermal spring data on Fig, 4
and It can be seen that the
springs have systematically lower
A and 570 values compared 1o
the rain, and the weighted mean
annual 8D and §7°0 values for
UCT and the IAEA data. Also plot-
ted on Fig. 4 are rain data from
inland stations at Oudishoorn,
Citrusdal and Tulbagh (Diamond
and Harris, 1997). These are not
complete annual records, never
theless they all include the win-
ter months when rainfall is high-
est, lemperature lowest,

The average spring 8D and 60
values for Citrusdal are <20 and
“4.9%¢ compared 1o the weighted
mean for rain at Citrusdal (Dia-
mond, 1997) of -11 and -4.4%..
The average spring 8D and 0
values for Witzenberg are 30 and
“5.5% compared 1o the weighted
mean for rain (Diamond, 1997)
for Tulbagh of <20 and -5.1%..

s
"o
Figure 4

Piot of 30 vs. &0 for thermal spangs and ran waler from vanous places. All ran data ae
inegrated monthly samples. the UCT data ave for a wo-yea penod (Diamond and Marrs,
1997) and the IAEA data for most (but no! all) months between 1962 and 1974 (IAEA
1997); e Citruscial, Ouotshoom and Tubagh dita are for March-Octoder 1995 The
weghted annual maan vales for the UCT and JAEA collection stadons are shown and the
iine of bast it trough the rain data is from Dvamond and Harns (1997)

and Verhagen (1983) suggest, on the basis of low
&'C values, that the initial “'C contents were high
and that no exchange with 'C carbonate material
took place. Brandviel. Citrusdal and Goudini have
7178 pmC which Mazor and Verhagen interprel (o
represent short turnover times. Montaga and Cale-
don have lower "'C content (49 and 47 pmC respec-
tively) which led Mazor and Verhagen to suggest
tumover times of several thousand years.,

Comparison with meteoric water

One of the main conclusions of both Mazor and
Verhagen (1983) and Diamond [1997) was that the
thermal springs have systematically lower 8D and
60 values than expected for ambient meteoric wa
ter. The ideal companson would be with rainwater
collected at the spring site over a period of several
years, but such data are not avallable. The Interna-
tonal Atomic Encrgy Agency database (IAEA, 1997)
has a monthly rainfall isotope record for Cape Town
Intermational Alrport from 1962- 1974, and a five year
record (19695-2000) exists for the University of Cape

These data are consistent with the
Citrusdal and Witzenberg springs
being recharged by ambient rain
vater. The Calitzdorp spring has
the lowest 8D and 60 values of
all the springs analysed and these
values (8D and 80 = 40 and
7.3%. respectively) are consid-
erably lower than rainfall at
Oudtshoorn 40 km cast of Calitz-
dorp Spa. at the same altitude
tweighted mean 8D and §0 =
116 and -4, 1%, respectively). No data for rainfall
in the vicinity of Montagu, Baden, Warmwaterberg,
Towerwater and Rietfontein exist, but there is no
reason to suppose that it should be significantly
different from the analysed rainfall samples. It s
theretore concluded that some ol the thermal
springs have isotope ratios that are significantly
lower than ambient rainfall.

Comparison with groundwater

We have chosen to compare the thermal spring data
with data (Harris ot al., 1999) from cold springs is-
suing from the lower slopes of Table Mountain (next
to UCT i Fig. 1) and water sampled from borcholes
in the arca around Victoria West (altitude 1 200 m;
Fig. 11im the SW Karoo (C. Harris. unpublished data).
These data give some ddea of the range of 8D and
60 values of unheated ground water compared (o
the thermal springs. The Victoria West water sam

ples were taken from various depths (0250 m) from
a number of boreholes drilled by the Department of
Water Affairs and Forestry in the arca. The Table
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Mountain springs plot close to the lo

cal meteoric water line (Dlamond and
Harris. 1997) whereas the Victoria West 1
borehole waters form an array through ]
which the line of best fit has the equa

4 Tabie Nountar oold springs

O Vietora West Borehole wiier (< 100m)
O Vietoris West Boretole wiier > 1 30m
@ Thaimal sprogs

tion 8D « 6.9* $70 - 1.8 The negative
intercept value is uncharacteristic and

may reflect significant evaporation in

the near surface environment during »
recharge. The thermal springs plot be-

tween the lines of best fit through the

Table Mountain and Victoria West data.

They have significantly lower 8D and

§'"0 values than and generally have 2 »
lower 80 values.

Origin of low 5D and §'"0 values

I'ne comparison of 8D and 80 values -
between the thermal springs and me-
teoric and groundwater data indicates
that the thermal springs have signifi-
cantly lower 8D and &0 values than
expected for ambient rain. Various .
combinations of the following may be !
responsible for these low 8D and §*0

——— e o Do Neugh Ve Wee ca

values:

. The continental effect (e.g. Dans-
gaard, 1964)

. Selective recharge during periods
of abnormally high rainfall fas
suggested by Mazor and Verha-
gen, 1983)

. Recharge during & carlier penod
of colder climate

. Recharge at altitudes significantly
higher than the springs.

Figure 5 suggests that the continental effect, alone,
cannot account for the low 8D and 30 values of the
thermal springs. Selective recharge during heavy
rains is unlikely to explain the difference in isotope
composition between the cold groundwaters and the
thermal springs. The possibility that the springs were
recharged during a colder climate regime was re
Jected by Mazor and Verhagen (1983) because of
the lack of correlation between 'C data (as a proxy
for time) and oxygen and hydrogen isotope ratios.
There remains the possibility that high average
altitude of recharge 1s the cause of the low isotope
ratios of the thermal springs. 1t is well known that
the 8D and &0 values of rainfall decrease as alui-
tude increases (Dansgaard, 1964). Midgley and
Scott, (1994) reported an altitude eflect on §0 of
0.32%0 per 100 m lor the Jonkershock Mountains,
about 70 km east of Cape Town. At Calitzdorp, the
possibility exists that the zone of recharge of the
spring could be in the Klein Swartherg mountains
to the north, which rise up to 2 000 m (Fig. 2). The
difference between the §°0 value of the spring and
Oudtshoorn rain is 3. 2% which could be interpreted

/ A A } ' A s
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Figure 5

Companson of thermal sprng 8D and 570 vakves nith those of cold springs
on the lower siopes of Tatie Mountain (Hams et al, 1939) and waler sampled
fom vanous levels from deep boreholes in the area around Victona West
(Hams, unpublished dala). Water collected from < 100 m depth and from > 100
m depth are ckstinguished. The local meleonc waler kne (MWL) for the
Western Cape is from Diamond and Harns (1997). The ine of best-#t through
he Victons West date was calcuiied using the reduced major axis method.
The Global Metsonc Water Line of Cravg (1961) is shown for refevance

as the recharge 2one being on average | 000 m hyher
than the spring that is at about 1 200 m. Geological
cross-sections presented by Diamond (1997) and
Diamond and Harris (2000) show that this interpre-
tation s hvdrologically reasonable.

Regional variation

The small number of thermal springs precludes a
detailed discussion on the reglonal variation of thelr
8D and 80 values. Nevertheless the stable isotope
data present several interesting features, The most
obvious feature Is the apparent ellect of continenta

lity whereby the 8D and 60 values decrease with
increasing distance from the west coast. The difler-
ence between the Table Mountain springs data and
the Victoria West groundwater data illustrate a sec-
ond effect. that is a much lower “deuterium excess”
d. where d = 8D - 8%8°0 for a given data point (Dans-
gaard, 1964; Whelan. 1987, for the inland ground-
water. Regardless of whether the low y-axis inter-
cept value for the line of best fit through the Victoria
West data is indicative of evaporation prior to re
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charge. the thermal springs also show a similar de-
crease o deuterium excess as thetr distance from
the west coast Increases.,

The apparent grouping of thermal springs into
coastal and inland groups (Fig. 3) which both show
a negative correlation between 870 and water tem-
perature is more difficult to explain in the light of
the observations made above. Within each group.
higher temperatures of spring water can only be
explained by circulation of water 1o greater depths,
As discussed above, lower 8D and §70 values can
generally be explained by recharge at higher alti-
tude, thus the data are consistent with the higher
temperature springs being recharged at higher ali-
tude. This s to be expected as a greater depth of
circulation would be expected In aquifers with
greater hydraulic head, The correlation between §'°0
value and distance from the west coast in the coastal
group must, therefore, reflect an increase in the
average altitude of recharge with increasing distance
from the coast and is not simply due to the cont
nental effect. The inland group of thermal springs
shows a negative correlation between §°0 value and
water temperature with a similar gradient, but with
80 values about 2% lower for a given tempera
ture. This offset Is presumably due to the greater
continentality of these springs, The lack of correla-
tion between distance from the west coast and iso-
tope ratios in those springs > 200 km from the west
coast (Fig. 3) may in part be due to the change In
geometry of the Cape Fold belt from east to west.
The coastal group of thermal springs is located in
mountain belts which trend N-S. perpendicular to
the movement of weather systems, whereas the in-
land group is sitwated in mountain belts which trend
E-W.

Conclusions

The source of water in the Western Cape thermal
springs 1s meteoric in origin. and the high tempera-
ture of some of the springs can only be explained by
deep circulation.  Low tritium contents show that
the water is pre 1952 In age, and "'C data suggest
variable turmover times of up to a few thousand
vears. The thermal springs differ [rom ambient me
teoric water in their significantly lower 8D and §%0
values. Although the isotope ratios of the thermal
springs become progressively more negative with
increasing distance from the west coast (for the first
200 km). it appears that high average recharge alu
tude Is the most important factor responsible for
the low 8D and 570 values,
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Introduction

The interest and belief in the Table Mountain Group
TMG) as an important aquifer is a relatively recent
phenomenon of the South African hydrogeology
scene. In 1937 the Geological Survey (Frommurze,
1937) published a definitive overview of groundwater
in South Africa. In this volume he stated (p. 115)
“In view of the fact that the underground water is
generally located in the above mentioned structures
(vertical joints. folds and faults), contacts of the
quartzites with shale bands, coupled with its habit
of bullding mountains or rough country, which s
generally well watered by streams or springs, this
formation is of little importance from the boring as-
pect”

Similarly du Toit (1954, p. 248) also dismissed
the groundwater potential of the TMG as follows, “On
account of the low porosity of the strata boreholes
rarely give good supplies of water. Nevertheless the
highly jointed character of the hard sandstones is
favourable 10 the passage of water, wherefore the
numerous little springs that flank the sandstone
ranges”.

The belief that TMG was an aguifer of little poten
tial persisted until fairly recently. In 1992 the retired
Director of Geohydrology, DWAF in a discussion of
the TMG potential said “it 18 of no great importance
as a regional aquifer. The farmers are merely
exploiting the shallow skin of fractured rock”™ (Vegter,
pers. comm.,. Oct 1993). This belief was reflected in
the study Gided "Western Cape Systom Analysis”
(Ninham Shand, 1994) which examined all the
possible sources of water for this arca. Twenty-lour
possible methods of increasing the water supply were
identified. ranging from building the Skutfraam Dam
through to importing water with tanker ships, and it
included two groundwater resources. None of these
24 options constdered groundwater from the
quartzites of the TMG,

This lack of beliel in the TMG as an aguifer of
regional importance had the knock-on effect of lack
of support lor research and investigation work in the
T™MG aquifer. As an example. in 1995 the Water
Rescarch Commission commissioned a state-of

* To whoen all covrespondence shoulkd be addressed,
W021) 8882534, fax: (021) 888 2682
el Mewauert osin oo za

knowledge report (Bredenkamp et al., 1995) on
groundwater recharge. There are thirty investiga-
tons listed, not one of which is in the TMG, vet the
“dolomite aquifer”, the largest South African aqui-
fer. has nine listed investigations.

In April 1992 the WRC held a workshop on Frac-
tured Rock Aquifers. The purpose was 1o review past
research, to identify gaps in knowledge and develop
a strategy of co-ordination, Ten papers were
presented, In which the TMG aquifer did get some
minor passing mention. Proceedings of that work-
shop listed fourteen current WRC research projects
which incorporated aspects of fractured rock re
search, one of these (subsequently published as
Weaver et al.. 1999) was entirely restricted to the
TMG, one was partially based in the TMG  (subse-
quently published as Anderson, 19961 and the re
mainder were cither based in other geological for-
mations. or were not specilic to a geological forma
tion.

However, as with any scientific postulate, there
will always be colleagues who gquestion the postu
late. Joubert (1970) is the first person who proposed
that there are substantial reserves of groundwater
in the TMG and that this water is at greater depths
than Is commonly thought to be,

In the late 1980% 10 early 1990s various
hydrogeologists become more vociferous in promot-
ing the TMG as a regional aquifer.

. In the carly 19805 the Klein Karoo Divisional
Caounci! identified a severe shortage of water in
the southern area of the Klein Karoo. They com
missioned the Institute of Groundwater Stud-
les, University of Orange Free State, 1o investi
gate the groundwater resources of the area.
Initial drilling concentrated on the Upper
Nardouw close to the contact with the Dokke
veld shales. Due to shortages of water at peak
demand times, a second phase of drilling com
menced in 1959 under the supervision of Schalk
Mever of DWAF. The target aquifer was the “win
dow”™ of Peninsula Formation in the Kamma-
nassie Mountains. This was highly successful
and a production wellfield was developed

. In 1988 Peter Rosewarne submitted a research
proposal to WRC entitled “Feasibility study on
large scale groundwalter abstraction from the
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TMG sandstones™, but the proposal was not
accepted.

. In 1991 John Weaver put forward a proposal to
the WRC “Geochemistry and Isotopes for
resource evaluation in the fractured rocks of
the TMG™. This was accepted, commenced in
1992 and completed in 1998 (Weaver et al,
1999)

. In 1992 Umvoto submitted to the WRC a pro-
posal dealing with the structural controls and
fractal analysis of joints, faults ands folds in
the TMG. but the proposal was not accepted

4 In 1994 Umvoto submitted further proposals
10 the WRC but these were not accepted,

4 In 1995 Ant Issar, a prominent Isracll hydro-
geologist. was contracted by DWAF 1o review
work and make recommendations on the TMG
aquifer (Issar, 1995). He visited various on-
going projects at Klein Karroo, Agter-Witzenberg
and Clrrusdal and as a result strongly promoted
the TMG. Subsequent to this endorsement,
there is wide-spread acceptance that the TMG
has potential as a reglonal water-supply source,

. In 1995, Umvoto submitted a proposal to the
DWAF Western Cape Region for a regional
hydrogeological study in the Olifants Doring,

This proposal was not accepted.

° In September 1997 Umvoto provided the
groundwater component to the Olifants-Doring
Basin Study, a study-project for DWAF by BKS-
Ninham Shand. As a follow-up the consortium
Umvoto-SRK proposed a more detatled reglonal
study In the Olifants-Doring catchment.  Ini-
tially this was resisted but after lobbying, this
was accepted by DWAF in 1997, field work com-
menced in 1998 and the final report was handed
over In October 2000. This was later called the
CAGE (Citrusdal Artestan Groundwater Explo
ration) Project

. In 1997 John Weaver inittated a TMG informa-
tion sharing workshop, which was subsequently
held in carly 1995 as a Western Cape Ground-
water Division mini seminar at which a number
of TMG experiences were presented by hvdro-
geologists who had done groundwater work in
the TMG.

. Recent activity around investigating the TMG
for its groundwater potential has substantially
increased
« JAH2000 has a TMG focus,

« The opening address for IAH2000 by Minis-
ter Ronnie Kasrils notes the potential of the
TMG for reglonal water-supply.

« The WRC in 2000 commits funds to & TMG
rescarch thrust,

« The WRC imitiates this volume of existing
TMG knowledge.

« The WRC holds a workshop 1in 2001 which
focuses on identifying TMG research priori-

ties,

The structure of this paper deviates from that of a
normal paper. What follows are three free standing
contributions by hydrogeologists who were part of
the movement (o promote the TMG as a regional
agquifer. These three papers reflect the authors ex-
perience and current understanding of the TMG
aquifers.,
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Paper
Potential of TMG Aquifers and Integration Into Catchment
Water Management

P Rosewarne

Introduction

The winter rainfall area of the Intermontane Domain
of the TMG Aquiler offers a unigque opportunity to
maximise/ optimise groundwater yield from this
aquifer. This areca Is characterised by rellable
precipitation often in excess of 1 000 mm/a, which
is mainly concentrated during the period June to
September. Even in a ‘dry’ winter, as 2000 started
out to be, there were still the highest snowfalls in 40
vears on the TMG mountains. Whether global
warming/ climatic change will lead to a significant
reduction or loss of this winter precipitation in
decades to come is beyond the scope of this paper.

Groundwater management

The main demand for lrrigation water is in the dry
summer months and for peak domestic supplies, over
the Christmas and Easter holiday perfods.  The
management scenario advocated is for boreholes !
wellfields tapping the TMG Aquifer 1o be heavily
pumped during the summer months - even exceeding
average recharge estimates - in the knowledge that
there will be sufficient winter precipitation to recharge
the aquifer,

This approach acknowledges that there will be
increased drawdown in groundwater levels and
decreased surface water low flows but that the
dynamic use of groundwater storage and recharge
will produce a higher catchment vield than the stamus
Guo. It 1s proposed that this groundwater manage-
ment approach be termed Summer Overdraft.

In many parts of the Intermontane Domain there
are catchments where water allocations /avallability
from springiiow v suiface water low flows are
regarded as ‘cast in stone’, eg the lower Hex Valley
and Klein Karoo. Any perceived interference in such
flows s met with swift recourse to litigation. However,
springllow and surface water low flows or baseflow
represent gravity overflow of groundwater from
compartments and s a minimum catchment yviekd
his can be increased significantly by pumping
boreholes to exploit groundwater in storage and
creating increased reservolr volume 1o absorb excess
precipitation

For example, the baseflow or overflow avallable
from the Sanddnf- Amandels catchments of the lower
Hex Valley is of the order of 19.5 milllon m*/a (Kotze
and Rosewarne, 1999), Modelling has indicated that
this could be Increased o 26 million m*/a by
establishing suitably sited boreholes. Any reduction
in base/springflow would bhe compensated for by

allocations from the groundwater pumped. This
would be returned to the system to maintain the
ccological reserve and any licensed water use.

Heavy pumping of TMG/Bokkeveld Aquifers
during the summer months is practised in areas such
as the Hex River Valley (Rosewarne 1984) and the
Agter Witzenberg (Weaver 1999). However, problems
of partial recovery and saline water intrusion can
occur in ‘dry’ years because many boreholes tap the
Bokkeveld Aquifer, away from the main recharge
zone,

The quantity and rate concept of aguifer vield
applies here, where total recharge to a catchment
may be equal 1o or exceed the annual groundwater
abstraction but the rate at which the water moves
into the arca of withdrawal does not [Rosewarne op
cit). Because of this, the summer overdraft approach
to groundwater management will only work
consistently where the following conditions collect
vely exist:

Explottation is directly from the TMG Aguifer.
Intermontane Domain of the TMG Aquifer
Winter rainfall arca:

TMG Aquifer etther within or directly connected
10 an area with mean annual precipitation of
>800 mm.

The new Water Act also allows for a more dynamic
approach to catchment waler management rather
than the blinkered approach of the past. However,
there are valid concerns about the unknown effects
of large-scale groundwater abstraction from the T™MG
Aquifer on the environment., These must be
understood and quantified before new large scale
schiemes for bulk supply purposes can be developed,
Clearly, realising the full potential of the TMG Aquifer
in catchment management and planning is still some
way off and will require close co-operation and
understanding of each other's positions between the
various interested and affected parties,

Recent inttiatives by the Water Research
Commission, Department of Water Affairs and
Forestry and the Cape Metropolitan Council indicate
that senous efforts are now being made 1o address
these problems and pave the way for releasing the
full potential of the TMG Aquifer.,

Conclusions

Evidence presented in papers within this volume
supports the contention that the TMG Aquifers
constitute a major regional groundwater resource

241.
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There are now mounting pressures to build fur-
ther large dams in ecologically sensitive mountain
arcas of the Cape Fold Belt (CFB). host 1o an aston-
ishingly diverse but threatened floral kKingdom. It is
therefore a matter of both economic and environ-
mental importance that a quantitative approach to
water-resource evaluation is extended also 1o the
adequate description and understanding of the deep
artesian groundwater component in the overall hy-
drological cyele.

The oceurrence of deeply confined artesian con-
ditions in the TMG aguiterts). particularly the remark-
ably thick (>1 km) Peninsula Formation, over wide
arcas Is the focal issue In the modern approach o
resource appraisal. The orthoquartzitic sandstone
formations are exposed within an extensive arca be-
tween Cape Town and Port Elizabeth (Fig, 1), The
full volume of the aquifer rocks in this whole reglon
i on the order of 100 000 km" (500 km x 200 km x
1 km). the greater part of which is concealed in the
subsurface. If a representative fracture porosity in
the range of 0.1 to 1% is accepted for upper conti-
nental crust (Brace, 1984), this equates to a maxi-
mum potential groundwater volume of 107 10 107 m?,
a figure far in excess of all possible surface water
storage capacity In the CFB.

TMG aquifer characteristics

Not only is the subsurface fluid volume exceedingly
large. it s also of exceptionally high quality. Being
almost entirely constituted of the mineral quartz, the
host sandstones are highly resistant to chemical
weathering and erosion, in contrast to the enclosing
clay-. mica- and feldspar-bearing shales, or under-
Iving granitic and phyllitic rock types. The TMG ag-
ulfer rocks thus form topographically high standing
(2 000 m elevation in some parts) mountain ranges
(black areas in Fig. 1). These ranges exert a power-
ful control on rainfall patterns in the generally Medi-
terrancan climate (warm dry summers, cold wet
winters) of this region. Rainfall on the summit peaks
and ndges can be several tmes greater than the mean
annual precipitation in the lower-lving arcas (IMAP
<500 mm). the South Alrican record for the highest
annual rainfall heing
3974 mm (156,57 at Jonkershoek in 1950, Locally
up to 40% or 50% of MAP may infiltrate in the sum-
mit recharge areas, but because of the inert, highly
stliceous character of the aquifers the groundwater
composition is very little changed from pure rainwa

ter compositions by prolonged contact with and
hvdraulie transport through the TMG.

Limited chemical and mechanical weathering of
the high-standing TMG sandstone surfaces tends w
exploit and accentuate its internal fracture networks,
thus determining the micro-geomorphology of the
mountain landscape. It has locally generated a
pseudokarst - a “piped and tunnelied landscape™.

superficially resembling a carbonate-rock karst ter
rain, but developed chiefly by subsurface grain-by-
grain crosion of largely insoluble guartz materials.

In a lew places, such as the mountains of the
Cape Peninsula near Cape Town, the TMG pseudo
karst hosts some of the world's largest sandstone
cave systems, e.g. Wynberg Cave on Table Mountain
or Ronan’s Well near Kalk Bay, some hundreds of
metres in subsurface extent. In parts of the Ceder
herg and Cold Hokkeveld mountain ranges, strange
arches and bizarre sculptures have been weathered
out of a network of eroded crack systems. The de-
velopment of these open crack and cave systems is
evidently due to a torm of “spring sapping”, caused
by the mechanical effects of concentrated ground-
water flux along joint surfaces.

Locally. the effects of chemical weathering may
have also contributed to pseudokarst development.
The solubility of quartz is markedly increased by the
presence ol organic molecules, particularly alginic
acid and amino acids, released In abundance by algae
lichens) which coat the rock surfaces, and by bog
vegetation within enclosed depressions. Elsewhere
in the world, e¢.g the Roraima Formation of
southeastern Venczuela, pseadokarst in orthogquartz-
it sandstones has been ascribed largely to chemical
weathering under a humid tropical environment.

The climate in the CFB was most recently sub-
tropical only in Early Tertiary times (during and be-
fore 3565 Ma). The pseudokarst may therefore be a
relict chemical-weathering leature of Early Tertiary
or Late Cretaceous age. However, present-day
surface waters in the higher TMG terrains have a
characteristic brown colouration imparted by solu-
ble or colloidal organie compounds dertved from the
soils or from biosphere processes in the streambeds.
Vartous humic ackds may even now aid the process
of chemical weathering along the sub-surface frac
ture systems.  They may also provide nutrients to
microbial “biofilms” that derive energy from non
photosynthetic metabolisms (e.g. Fe(lll) reduction)
and have potential for biochemical and bio-
mechanical corrosion of the subterrancan environ-
ment. The high hydraulic conductivity of particular
features within the TMG sandstone, and the devel-
opment of cave systems in the vadose zone, may
therefore have a modern. partly blogenic origin

Hydrotectonic controls

The TMG units are relatively high-permeability ag-
uifers by virtue of a network of pervasive fracture
sets. Including bedding-parallel fractures, bedding-
orthogonal and bedding - obligue jointing at various
scales, and Laalt zones with vanable length and dis-
placement characteristics.  Progress towards a full
understanding of TMG hydrogeology must involve
accurate characterisation of the fractured structure
within the agquifers. and consideration of its implica
tions for flukd Now (permeability), and fluld storage.
The contribution of fractures (faults and joints) to
the permeability of fractured sandstone aquifers
depends on
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. properties of the individual frac-
tures, Le. aperture. roughness,
presence /absence of mineralisa-
tion or fault gouge, preferred flow

Table 1
related to fracture
ww :’ spacing (N)

channels; and
. properties of the fracture system
as a whole, L.e. orientation and

K=p gN'/121 [equation from Snow (1968)]
where

length distributions, geometry, R genstty p_= 1000 kgm
connectivity (Odling, 1997). graviatonal acosleration g = 9.8 my,
viscostyu = 10" Pas
The essential approach Is called
“hydrotectonics”, defined broadly as the Fracture | Fracture Planar Aperture- Hydraulic
science of structural controls on large spacing | aperture | porosity cubed conductivity
scale luid Nlow and storage. Within the N b No b K
boundary constraints provided by the
large-scale structural geometry of m' m m m's mid
confining aquitards, major tectonic
features, such as lold axes. reglonal 100 106 1.0E-02 100E-12 B17EDS 7.058
“mega-fault™ structures (Fig, 1), and 50 20E-04 1.06-02 800E-12 | 327E-04 28224
rarely in the CFB- intrusive dykes, 20 50E-04 1.06-02 125610 | 204E-03 176.400
constitute either barriers or preferred 10 506 50€E-03 125610 10203 88.200
paths (hydrotects) for groundwater fow 5 20EM 1.0E-03 BOOE-12 J2TE05 2822
2 50E-04 1.0E-03 125E-10 204804 17.640
Fracture spatial density and 1 20604 20604 BO0E-12 | 653E06 0564
connectivity 05 2060 1.0E-04 8.00E-12 327TED8 0282
02 5.0€-04 10E-04 125E-10 | 204E-05 1764
Fracture spatial density d s defined as 0.1 1.06-03 1004 100EQ9 | B1TEQS 705
d=1/1*L£ *a‘ where | is the side-

length of a square sampling area, and

a is the half-length of fracture | from a sample of n
fractures within the area. A minimum o of 1.5 is
required (o ensure that an entire fracture network
percolates, Many natural networks have d over the
percolation threshold. such that the “hydrogeology
of many fractured sites is controlled by a finite
number of major conductors” (Renshaw, 1996,
p. 1526),

Derived from percolation theory, the concept of
connectivity describes the properties of groups of
objects armanged In space,  As these objects inter
sect to form clusters, at a certain density of objects a
supercluster of theoretically infinite extent is formed
This condition. identified as the “percolation thresh-
old”, arises where the largest cluster connects
opposite sides of an area, regardiess of 1ts size. In
rock masses where fractures intersect to form a frac
ture network, connectivity expresses the degree to
which this network provides continuous pathways
through the rock. Such a continuous pathway Is
described as a “backbone™, another concept used In
percolation theory (Odling and Webman, 1991),

Based on both tield data and theoretical analysis
of fracture growth, it is argued that many natural
fracture networks in the carth’s crust are close to
the percolation threshold (Renshaw, 1996, 1997,
Crampin, 1994; Crampin and Zatsepin, 1996). On
the other hand. results from percolation theory
(Staufler and Aharony. 1992 Bour and Davy, 1997)
and from numerical simulation of fracture growth
(Renshaw, 1996) indicate that fracture networks near
the percolation threshold show decreasing conduc-
tvity with increasing scale.

I'he “somewhat surprising obscrvation that the
importance of fracture networks in terms of bulk
permeability generally decreases with increasing
scale” IRenshaw, 1995, p. 124) is implicd by results
from percolation theory and numerical models of frac-
ture growth lor equally conductive funiform aperture)
fractures. At the laboratory scale, however, the aver
age aperture of racture networks will be a function
of the size of the sample. When this “sample bias™ is
accounted for, hydraulic conductivity is found to
Increase with increasing scale (op cit. p. 123-124),

Fracture aperture, spacing and hydraulic
conductivity

There s a cubed power dependence of hydraulic
conductivity on fracture aperture (Snow's Law; see
Table 1), hence an intensely fractured zone (spatial
density N = 100 m ') with moderate average fracture
aperture (100 pym) and correspondingly high fracture
porosity (1%). may have the same hydraulic
conductivity as a sparsely fractured zone IN=0.1 m')
with high average fracture aperture (1 mm) but low
fracture porosity (0.1'%). For a wide range of fracture
spacing and aperture conditions, the hydraulic
conductivity of the TMG Aquifers may lie within the
range between 0.2 m/d and 200 m/d (Table 1)
Combined acoustic imaging and flow-meter log-
ging of a borehole on the property Boontjiesrivier,
near Citrusdal, was used to obtain a quantitative
estimate of fracture aperture distribution (Hartnady
and Hay, 2000). The general or background [rac-
ture spacing in the Nardouw (upper TMG) Aquifer is
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Table 2
Varlations of specific storage with porosity and compressibility
Pore compressibility fip
[range after Domenico & Schwartz (1990, Table 4.1))
m'N 3.00E-10 4.00E-10 5.006-10 6.00E-10 7.00€-10 5.00E-09
Porosity n Specific storage S,
m’
Range from 0.01 2 99E-08 3. 9TE06 4 95E-06 5.90€-06 E9E06 4 90€E-05
Tawary & Acree
(1985, p 959), 0.005 2 96E-06 IME06 4 92E-06 5.90E-06 6.88E-06 4 90E-05
Brace (1984)
0.001 2.94E-06 392E-06 4 90E-06 5.88E-06 6.86E-06 4 90€E-05
0.0005 2.4E-06 3 92E-06 4 90E06 588E-06 6 .86E-06 4 90€-05
lower range
0.0001 2.ME06 3RE06 4 90E-06 5B8E-06 6.86€E-06 4 9005

~1 m' (98 fractures observed in 100 m length of
borehole). With a most likely range of fracture ap
erture estimated between <20 ym and 200 ym on
different models of head distribution, the upper limit
ol hydraulie conductivity lor the TMG Aqguiler “ma-
trix” is ~0.5 m/d, but could be as low as 0.001 m/d
(~6.5 x 10" m/s). Conversely, there are little more
than 5 productive fractures in the lower ~50 m of
the borehole, corresponding to a local “hydrotect”
fracture spacing of <0.1 m ', If the corresponding
fracture aperture Is taken near the upper Hmit of the
estimated range, 1e. ~550 um. then a hydraulic
conductivity of <1 m/d s obtained for the deeper
fractured zone in this particular well,

Specific storage and storativity in
T&e&: Aqulfer:‘ 4

A storativity (51 of <0.001 Is generally estimated lor
TMG Aquifers on the WRC “Saturated Interstices”
map (Vegter and Sevimour, 1995, Sheet 2). An S
value of 107 s a reasonable a priovt estimation for
the deeper confined parts of the TMG Aquiters, be
ing at the upper end of the 107 to 107 range usually
given le.g Driscoll, 1986, p. 737). This is equivalent
to regarding the whole TMG Aquifer as an “effective
porous medium”™ of clean- coarse-sandstone char-
acter on the <1 000 m thickness scale,

In a confined aquifer specific storage Ss is de
fined ax the volume of water that a unit volume re
leases from or lakes into storage when the pressure
head in the unit volume changes a unit amount. This
property has units of length " (m '). The relationship
between Ss. porosity (n), and fluld matrix compress)
bilities (Table 2) 1s

Ss = puglfip + nfke)

where pwe 18 the density of water (<1 000 kg/m”* ). g
Is gravitational acceleration (9.8 m/s’). fuw is the
vertical compressibility of water, and fip is the pore
volume compressibility (Domenico and Schwarte,
1990, Eq. 4.34. p. 113).

The water volume derived in the above expres-
sion is equivalent to the volumetric expansion of water
as the pressure is lowered (function of pugnfie) plus
the volumetric contraction ol the pore space as the
porosity is reduced (because the matrix expands,
function of puwgfp). The coctlicient of vertical
compressibility of water e at 25°C s 4.8 x 10 "' m*/
N. The compressibility coelficient of materials
equivalent 1o the TMG fractured-rock aquifers fip
probably lies between the textbook ranges given for
"Rock. Nissured™ (Le. 6.9%x10" o 3.3x10 ' m?/N)
and “Dense, sandy gravel” (Le. 1x10% 10 5.2x10" m*/N;
Domenico and Schwartz, 1990, Table 4.1, p. 111).
The latter. higher compressibilities probably apply
within intensely fractured parts of the aquifer. along
some of the major hydrotects

Experience of intersecting a large fault at ~300 m
depth below surface along the Franschhock tunnel
route (Forbes, 1978) showed that rock material along
the fanlt zone flowed into the excavation like an
unconsolidated sandy gravel. However. for the ing
tial purposes of the CAGE modelling. the upper limit
of TMG compressibility I1s conservatively set at 7x
10 m' /N (Table 3, cases 4, G and 8), except for two
models where 1t has been raised lurther to 5x
10" m’/N (Table 3. cases 9 to 10). Application of
fissurcd rock fp coeflicients 1o the estimation of S,
for TMG aquifers within the middle portion of the
E10 catchment (Table 3, cases | to 8) leads to val-
ues that lie between 2.94 «x 10" m' (Le. for
Ap dx 10""m’/N), 6.91x 10" m ' (l.e. for
fp = 7 % 10" m'/N) The porosity range appropri

ate to upper-crustal rocks is taken as 107 w0 107
(lrom Talwani and Acree, 1985, alter Brace. 19584).
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Table 3
!ngWduimw

Syncine and is equal 10 V/cosa (8.9 1.15 where « = 30)

Case | Thickness | Dip Rock | Fracture | Pore | Specific | Eftective Storage volume
(Opeunit) | factor' | volume | porosity | volume | storage’ | storativity | 1 m head | 20 m head | 50 m head
b n S, S drop drop drop
m m’ m m' mim m m’
1 1o 1.00 1.86E+12 0.001 19E+08 | 29€06 32603 | S55E+06 | 1.1E+08 | 2.7E+08
2 1100 1.00 188E+12 001 19E+10 3.0€-06 J3E0I S55E406 | 11E«08 | 2BE+08
3 1100 1.00 1.86E+12 0.001 19E400 | GOE-06 | 76E03 | 138407 | 25E+08 | S4E0E
4 1100 1.00 185E+12 oo 19E+10 | 69€06 | 76E03 | 135407 | 26E+08 | 64E08
5 1300 1.10 242E412 0.001 24E+09 | 25506 42603 | TI1E« 06 | 14E«08 | 36E+«08
[ 1300 1.10 242E412 0.01 24E410 | B9E08 | 99E03 | 1T7EWO7 | 33E.08 | B4E08
7 1300 1.15 253E+12 ol ) 25E+08 29606 44E03 7.5E406 15E+08 | 37E+ €
B 1300 1.15 253E4+12 001 25E+10 | B9E06 | 10602 | 1.7E«07 | ISE«08 | ATF408
9 1300 1.15 253E+12 0.001 25E+09 1.0E05 15602 | 258407 | S1E«08 | 13E+08
10 1300 115 253E+12 0.01 25E+10 | 10E05 | 15602 | 258407 | S1E+08 | 1.3E+09
Notes

1 The dip factor provides a thicknass comechion Dased on & average op (u) for both easiem and westerm imos of the Oltants Rver

2 Values lor specific storage are derved from ranges of fractured-rock porosity (0.001-0.01) and vertcal compressibidty  for
Mssured” rock, peovided by Talwani and Acree (1585, p 959) and Domenco and Schwarnz (1990, Table 4.1 p. 111), respectively

As the dimensionless product of S and aguifer
thickness, sioraliviiy S 1s “the volume of water an
aquifer releases from or takes into storage per unit
surface arca of agquifer per unit change in the com-
ponent of pressure head normal to that surface”
(Domenico and Schwartz, 1990, p. 1151161, The
bedding normal thickness (1) of the Peninsula Aqul
fer in the Citrusdal area was measured dunng the
CAGE ficldwork as 1 300 m (compare previous esti-
mate of <1 100 m), which can be corrected upwards
to an cllective vertical thickness of <1 495 m, as-
suming an average hmb dip of 30" in the major
synclinal lold structure. The original thickness, un-
corrected by a dip factor has also been used in the
scenario modelling (Table 3, scenarios 1 Lo 4), in or
der to provide a conservative lower range ol storage
Thus relatively high Peninsula aquifer storativity
(S = St values in the range 3.24 x 107 (Table 3,
model scenario 1) to 1.50 x 107 (Table 3. model sce
nario 10) are calculated.

Quantification of TMG groundwater
resource potential

In a relatively small arca of <2 000 km* within the
central portion of the E10 catchment, the storativity
modelling exercise for the Peninsula Aquifer (Table
3) leads to an estimated range of groundwater re
source potential between 5 and 25 milllon cubie
metres (Mm”) per unit (1 m) drop in hyvdraulic head,
Integrated over the surface area this part of the con-
fined aquifer. In the context of a valley floor eleva
tion <200 m above mean sea-level and an overlying

confining aquitard which iIs generally exposed at el
cvations arourdd 300-350 m along the surrounding
mountain slope, a regional average lowering of the
potentiometric surface for the Peninsula Aquifer by
20 m is probably technically feasible and without
adverse environmental consequences.  This deglree
of groundwater development would yield approxi-
mately 100 to 500 Mm’. The challenge is to formu
late management strategles that permit sustainable
exploitation of this resource.

The elevation difference berween the top of the
aquifer and the potentiometric surface may be in the
order of hundred metres over wide areas, so that
drawdowns much larger than 10 m are locally pos-
sible without In any way impacting on the aquifer’s
saturated thickness. Furthermore, with sufficient
knowledge of other aquiler properties such as hy
dranlic conductivity K, well field sites can be strateg)-
cally selected to ensure that, during the summer
pumping season, the surrounding cones of depres-
sion only rarely, and generally intentionally, diffuse
to exposed agquifer boundaries where base flow from
springs and secpage zones can be affected.

A previous analysis of TMG resource potential by
the “*Western Cape Systems Analysis™ IWCSA) that
recharge to the aguifer system would need to exceed
a combined quantity of <300 Mm™/yr (DWAF, 1993,
Table 20.11.1, p. 64). estimated for the TMG-sourced
base flow contribution o the surface water runofl
from Berg River, Palmiet River and Riviersonderend
catchments, The naturalised summer mean annual
runoff (MAR) formed the basis for this base flow
calculation. In the case of the upper Riviersonderend
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catchment (500 km’), the annual loss of recharge
capacity to base flow is calculated at 90.68 Mm'
(DWAF., 1993). i.e. only 16% of mean annual
precipitation IMAP) in the arca, and 31% of the MAR
(Midgley et al., 1994),

Groundwater recharge to most South African
aquifers is generally taken to be less than 10% of
MAP, with Cenozole sand aquifers being regarded as
exceptional in that recharge may be in the range of
15-20% of MAP. In the upper TMG (Nardouw) aquifer
of the Agter Witzenberg arca between the towns of
Tulbagh and Ceres, however, a comparison of the
chloride (Cl) content and 'O oxygen isotope signature
between rainfall, spring and borehole samples
indicated an extraordinarily high recharge of 50%
(Weaver et al.. 1999),

In estimating the storage capacity for the TMG,
the WCSA calculations (DWAF, 1993) focus on the
outcropping area of the aguifer formations (DWAF,
1993, Fig. 20.10.1). These arcas are, for the most
part, relatively inaccessible. high-lving zones of
groundwater recharge to the TMG aquifer systems
The proportion of the recharge that is “rejected”, In
the sense that it overflows from the aquifer into the
surface water system at springs, provides for the base
flow to rivers arising in the mountains. Hence there
Is & concern that a significant groundwater
abstraction from precisely these parts of the aquiler
would lower the water table by amounts on the or-
der of 100 m (DWAF. 1993), and therefore detract
from the base flow to rivers and dams.,

In contrast, our focus Is specifically on the parts
of the TMG aquifer that are low-lyving on the limbs of
major synclinal folds. Over wide areas, the bulk of
the aquifer volume in these folds even lies below sea
level. Because they are well confined by the thick.
overlying shale aquitardis) of the Bokkeveld Group,
these synclines are artesian basins. The potentio-
metric surface of pressure head for the confined TMG
aquifers is above the land surface in these valleys,
hence the observed artestan flow from marginal wells
that are sufficiently deep to intersect them. The ac
tual potentiometric level s constrained in the case
of the Peninsula Aguifer by the elevation of the Pe-
ninsula-Cedarberg contact, and in the case of the
Nardouw Aquifer by the Hokkeveld basal contact,

The original WCSA assessment (DWAF, 1993),
which dismissed the TMG groundwater option, dealt
with an aquifer arca that was much less than
G984 k. There . however, a larger area of <1 500 km*
in the surroundings of the Theewatersklool reser-
voir, almost entirely underlain by TMG rocks at some
depth, except for a few. small, anticlinal windows of
pre TMG basement in the Wemmershoek and
Stettynsberg mountains. The WCSA study only con
sidered the upper 200 m of the “saturated thickness™
within the smaller surlace area of actual TMG
outerop. but another approach premised on a deep
drilling capability in the intervening synclinal basins
would take into account the full thickness of both
TMG aquifers (~2 km) over the larger area. The total
volume of Mluid stored within the fracture porosity

(0. 1%) of the deeper, ~1.2 km-thick Peninsula
Aquifer may be estimated at <2 000 Mm’, which
amounts 1o over four times the present annual safe
vield of 436 Mm of the whole WCSA surface water
svstem. Using conservative assumptions in stora-
tivity calculations, a groundwater volume ol 150 Mm®
could be abstracted from this source for an area-
averaged drawdown of only 10 m.

Catchment and aquifer management policy

The aquifer management strategy generally proposed
for the TMG Aquifers is that of summer pumping
and winter recovery. This groundwater management
method s currently applied on a localised scale In
various parts of the Western Cape, including the
Agter-Witzenberg where borehole hydrographs show
that end-summer drawdowns ol 30 to 50 m are re-
covered by the end of the following winter-recharge
season (Weaver et al., 1999, Section 4.2),

When normal winter recharge and agquifer recov
ery does not occur fully during exceptional drought
penods, and surface water reservoirs are seriously
depleted or empty. the deep well Delds should in
principle also be capable of "mining” the TMG
groundwater resource over several summer-winter
cycles, Such mining of the deep strategic ground-
water reserve should be effected with mintmal or no
impact on the surface environment, untl the droughit
is broken and full recovery is assured,  In order (o
accomplish this form of water resource management,
the time lag between onset of pumping and the ra-
dial expansion of the induced depression in the po
tentiometric surface 10 the borders of the recharge
arca should be on the order of months or years. Such
extended time Lags in (spring or well) discharge re-
sponses o recharge from distant precipitation are
indeed possible where deep regional flow systems
exist (Domenico and Schwartz, 1990, p. 262).

Such a sophisticated level of conjunctive surface
and groundwater resource planning and manage-
ment in the TMG aquifers and thelr recharge catch-
ments will involve using deep drilling technology
which exists, but is not usually accessed by the
groundwater industry in South Africa. It s undoubt
edly required to access the storage capacity of the
deeper conlined aquifers. The current technology
can be innovatively adapted o the abrasive rock
conditions and high water pressures that are likely
10 be encountered deeper in the TMG

Even with the various technological adaptations
and innovations that may be required, the capital
cost of deep groundwater wells of adequate supply
capacity s likely to be only a fraction of the cost of
future large dams in the Western Cape (e.g. the
Skuifraam Scheme at ~R700 million in 1997 cost
ing). Furthermore, the damming ol the Herg River
and possibly other mountain streams represents an
inevitable disruption and devaluation of the as yet
unvalued “ecosystem services”™ that the freely flow
ing rivers provide to the whole natural and social
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environment. On the other hand, the development
of the deep groundwater capacity can be considered
as a perspicacious investment in the "natural capital”
of the Western Cape’s unique water resource, and
one that actually replenishes and magnifies its stock
(Lovins et al,, 1999),

In view of the evident potential for adverse global
climate change in the 21st Century, there is a long-
term strategic importance in developing the deep
groundwater reserve. It 1s an added Insurance
against losses consequent on prolonged drought
cycles, which - as has happened in the 20th Cen
tury and earlier eras - could trigger disastrous eco-
nomic downtumns. In the longer run, such episodic
losses could potentially dwarf the camulative recur-
rent costs of operation (e g pumping) and mainte
nance, which are greater for the TMG groundwiater
development option compared to most surface water
schemes. Aside from this future scenario, it is
anticipated that the lower capital cost of groundwater
development and resultant reduction In finance/
amortisation charges will favour this option in terms
of the cheaper cost of water delivered,
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Paper
Potential of TMG Aquifers and Integration Into Catchment
Water Management

JMC Weaver

Introduction: porosity, stontl;l:r.
specific yield and the concept
model of how water is held and
released from the TMG Aquifer

Porosity of a rock mass is the difference between the
total volume and the solid volume. Based on the
genesis of the porosity various porosities are defined,
such as primary porosity, secondary porosity, single
porosity. microfissure porosity and double porosity
(Kruseman and De Ridder, 1990). In fractured rocks
a proportion of water 15 held in dead-end porosity
and does not play a role in vield calculations. When
discussing the potential groundwater vield of an
aquifer, the term effective porostiy describes the water
that s avallable or the water that is released when
the aquifer drains or is pumped. For the TMG the
effective porosity Is a combination of storativity and
specilic yield.

The concept of storativtty was developed prima
rily for the analysis of well hydraulics in conlined
aquifers and is well defined for two-dimensional
horfzontal flow towards a well. Storativity ranges from
5x107 to 5x10°. For unconfined aquifers specific
yleld 1s used 1o describe the storage term and the
usual range 15 3x10 ' to I1x107, or 30% 10 1'% (Freeze
and Cherry, 1979 Hyvdrogeologically, a significant
difference between confined and unconfined aqui
fers 1s that the volume of water stored In an
unconfined aquifer relates to the rises and falls of
the water-level (table); whereas for a confined agui
fer, water level fluctuations reflect primarily changes
in pressure, rather than changes in volume of water
stored. The example regularly used is that of an in
clined fracture that is drilled and intersected at depth.
This fracture Is open at surface so the fracture s
effectively an unconfined aquiler (specific yield
applies). However. when the drilling intersects the
fracture, water rises in the borehole, which Is the
behaviour of a confined aguifer [storativity applies)

There are no confining units in the TMG. This
of course excludes local conditions where Bokkeveld
shales or Cedarberg shales overly the TMG. S0 as-
suming that one is studving a block of sandstone of
the Peninsula Formation with neither of these con-
fining units present, the question is: What s the
conceptual model of flow in this aquifer’” My expe
rience and observations lead me o view the TMG as
a multiple porosity aquifer, which on a regional scale
should be regarded as unconfined. At the local scale
such as a welllield test-site it will display diflerent
facets and combinations of confined o unconfined
behaviour. depending on where the borehole s
drilled, or which zone of the borchole s being tested

Thus a borehole drilled into a fracture will show
apparent confined condittons, and when tested will
behave as a confined aquifer during the initial stages
of pumping and will show semi-unconfined or leaky
behaviour during later stages of pumping. But if that
same borehole had stopped a few metres short of the
fracture it will be damp and would be called dry by
the driller. If left for a week, water will slowly seep
into the borehole and the two boreholes would show
the same or very similar water levels, Figure 2
llustrates the various scenarios that can be obtained
depending on the positioning of a borehole

The effective porosity in the TMG will vary de-
pending on the local geology and geomorphology. For
alluvial material along rivers, alluvial fans and
hillwash it will be high. For the upper weathered zone
it will also be high, and if pscudo-karst is present
this will Increase the effective porosity. Zones of
intense folding, faulting and fracturing will have gquite
a high eflective porosity and this will persist at depth,
Away from these zones, ¢ . some arcas on the
western or castern limbs where tectonic activity was
less intense the effective porosity would be lower. of
the order 10°

The availlable water from the TMG s @ combina
ton of what can be obtained from both storativity
and specific yicld (S « S ). with spatial variation of
the relevance of each at a reglonal scale. This possi
bly means that the avatlable volume of groundwater
avallable for the TMG is the order of 0.5% (0.005) as
opposed to 5% (which is applicable to unconfined
primary aquifers) or to 0.05% (which is applicable to
confined aquifers).

Some ol these aspects are discussed at length
and detail in Woodlord (2001 ) and Hartnady and Hay
(2001 - Paper 2 in this article). Methods of pumping
test anaiysis wre discusscd i Murray (199€6), Van
Tonder and Bardenhagen (2000) and Woodford
12001),

Necessary conditions for ground-
water exploitation

The potential of any aquifer for water-supply depends
on

. It being a sustamable resource, which is a fune
ton of recharge
. It being an accessible resource, which, for the

™G Is a function of thickness of the aquifer
and accessibility by boreholes

Management options

Restrictions on explolitation
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Necessary condition 1: TMG Aquifer
and sustainability A

The prime controller of an agquifers’ sustainability s
recharge. And recharge in the TMG 1s one of the
least studied in the country. The WRC recharge
manual (HBredenkamp. 1995) lists 30 investigations

not one of these is in the TMG. yet the “dolomite
aquifer” the largest in South Africa”™, has nine listed
Investigations.,

Weaver et al. (1999) measured chloride and 0
in five cumulative rain samplers and compared the
results to groundwater quality analyses from two
boreholes in the mountains of the Agter-Witzenberg
These boreholes are located in the recharge arca of
the local TMG Aquifer. more specifically they are in
rugged mountains of the Nardouw Formation. The
data implies a recharge potential at this site of up to
50% using a chloride mass balance, Figure 1 shows
this data, with the ratn having about 5 mg/ ¢ of chilo-
ride and the groundwater about 10 mg/¢ The slight
shift of §0 from rain to groundwater shows the ef-
fect of evaporation.

Recharge percentage will vary from one local arca
to the next. For instance, flat low lyving areas with a
thicker overburden of liner-grained sediments will
probably have a lower recharge percentage than
adjacent higher-lying areas which are covered with
a thin veneer of coarse sand. For the CAGE project.
Hartnady and Hay (2000) developed a relationship
between rainfall, topography, area of Peninsula and
of Nardouw exposed and temperature such that the
arcal distribution of recharge was modeled without
spatial averaging. Recharge was considered as zero
in low rainfall zones (<200 mm/a), regardless of

whether this rain fell entirely within the winter
(May to September) time period. The results vaned
from ~8% In the low lying and lower rainfall areas
0 43% In the high mountains. with a spatially
weighted average of 23%.

Taking a ramble over the TMG mountains, any
keen observer will note two features which are con-
ducive to high recharge. The rock Is fractured and
jointed and these are often open at surface,  Sec-
ondly the soll s usually a medium 10 coarse sand
with clay very rarcly being found. Both these fea-
tures support the premise of a high recharge poten-
tal. The Cape fynbos vegetation from the TMG moun-
tains is adapted to these conditions.  Many of the
mountain fynbos species cannot be grown in soil
which does not drain freely.

In order to establish the sustainable yield of TMG
Aquifers a better understanding of recharge s re-
quired. The recharge potential of the TMG reguires
further rescarch,

Necessary condition 2: TMG Aquifer
and accessing the water s

There are two considerations.

. The rough terrain makes it difficult 10 trans
port a drill-rig to the preferred drill-site. Drill-
sites can be made accessible by road-butlding.
but quite often such road-bullding may be
unacceptable because of the impact,

. Onwe on-site it is difficult to drill 1o depths much
greater than about 400 metres,

Some practical considerations of drilling
deep boreholes in the TMG

To drill a deep borehole in any environment requires
in-depth planning in order (o manage potential prob-
lems which could prevent completion of the
boreholes. The TMG presents significant additional
challenges to drilling a deep borehole. One reason is
that the sandstone is hard and abrasive which results
In severe wear on the drill tools.

The main problem that needs to be overcome
when drilling a deep borehole is the capacity of com-
pressors. Compressors are used to drive the drill-bit
and to It water and drill cuttings at the face of the
hole to surface. The normal large capacity compres
sors with attached in-line boosters deliver about 40
bar of pressure, which effectively limits the depth of
drilling to around 400 m.

To achieve greater depths will require drilling with
either rotary tricone or diamond bit. Rotary tricone
bits are used in the otl Industry, but their usage In
the TMG quartzites s untested. They should be
tested as using rotary tricones may be a practical
method of achieving large diameter deep boreholes.

Extending the depth of the large diameter per-
cussion boreholes with diamond drilling 1s a feasible
method which has been tested.  The method was
used to good effect for deep drilling of Witwatersrand
gold exploration boreholes. Depths of over 900 me-
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Figure 2 shows some of these various aspects of vield and confined/ unconfined conditions. BhO and
BhE are sited on the axis of anticlines and have intersected two major water sirikes. BhB has been
sited adjacent to the major fault. which is clearly visible to the naked eve as well as on alr-photos and
satellite photos. Bhil is a few metres o one side of the crush zone to avold the severe drilling problems
of collapsing conditions. BhB has intersected an open fracture directly connected to the fault zone
and thus also indirectly to BhC and BhE. These three boreholes are high vielding and are used to
irrigate the vinevards seen on the sketch. BhD has not intersected any large aperture open fractures,
but has intersected an extension of the upper water strike fracture of BhC. This fracture has a
smaller aperture. thus lower yielding than at the axis of the anticline, but has sufficient yield o
supply the group of houses for domestic water supply. It I8 also sustainable throughout the year
because of its arcal connectivity. BhA has not intersected any major or large fractures, but has
mntersected some minor fissures and thus is able 1o supply the single house with water, but not much
more. BhA and BLD behaved ke unconfined agquifers when dolled § e an accumulation of dampness
and small minor water strikes, slowly increased the vield. DhE, BhB and BhC reacted similarly, but
when the first major water-sirike was encountered, the water level rapidly rose in the borchole to the
rest-water level, which is a few metres below surface.

ters of percussion drilling in Ventersdorp lava were
achieved, after which the drilling was completed by
diamond dnill. For these boreholes all water-sirikes
were cemented ofl, enabling the compressors to Wit
the cuttings to surface without the need to overcome

diameter diamond drilling, This method has also
successiully been combined with casing off of the
water by the DWAF Drilling Division in the TMG on
the Blikhuis Experimental Deep Drilling (BEDD)
project designed and run by Umvoto Alrica. where

the weight of the water. DWAF Drilling Division has
also employved the same method successiully (with-
out cementing the water-strikes), when dnlling some
ol the circular structures in the Karoo for Alan
Woodford, Two boreholes were percussion drilled to
340 m and extended 10 500 m and 800 m with NW

depths of ~600 m have currently been reached with
cumulative artestan vields of <5 £'s. A limitation of
this method is the amount of water that can actually
flow through the completed narrow diameter of the
diamond drilled section of the borehole, Diamond
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Table 1
Approximate flow obtainable
through diamond drill boreholes
of varying diameter

Diamond drill Approximate
borehole diameterfiowratd
at 20 bar
Drill size Diameter (us)
of hole (mm)

AV a8 -

NN 76 10

HW 100 ~16

W 120 -23

SwW 146 -3

drilling Is expensive, thus the diameters tend o be
minimised

With this type of borehole construction, the
borehole pump will be installed in the large diameter
of the percussion drilled section. Below the pump
will be the narrow diameter diamond drilled section.
Water struck at depth will rise in the borehole (since
it 18 under pressure) and will thus be avatlable for
abstraction for a pump placed at the bottom of the
large diameter percussion-drilled section of the
borehole. Table 1 shows the maximum flow rates
through vartous diamond drill hole sizes. The flow
rate at 20 bar imphes that water s intersected by
the diamond drill at 200 m below the end of percus-
ston drilling. For the AW diameter the pressure loss
over 200 m is 2.5 bar, while for the SW it is 0.5 bar.
The flow rate at 20 bar is about 2 m/s, which is at
the upper limit of efliciency.

The possible solution to the 400m compressor ca
pacity limitation is the development of a hydraulic
powered hammer bit. The prototype has been dem-
onstrated in Germany, but as yet a freely avallable
commercial product is not yet on the shelves

Drilling to 400 m requires changes to the normal
design of shallower boreholes. The important rule is
(o start at a large diameter. If one starts at a smaller
diameter, say 210 mm then after a hundred or so
meters the dnll size will need to reduce to 165 mum
As soon as any reasonable water-strike is obtained
drilling will no longer be able to continue because of
back-pressure. Back-pressure is created when the
gap between the drll rod and the side wall (the an
nulus) s small and a resistance 1o flow IS created.
An example of this back-pressure limiting the depth
of drilling was a borehole sited in the Agter Witzenberg
(Weaver et al., 1999) 1o intersect the Bokkeveld!
Nardouw contact at about 250 m. At 118 m about
25 U's was obtatned,  The detliing was discontinued
at 141 m because of combination of 14 bar needed
to lift the water to surface, plus the back-pressure
nullified the capacity of the compressors.

Large diameler boreholes also mean that large
delivery volume pumps can be installed. [t would be

very frustrating to drill a borehole with a potential
of more than 50 ¢'s and only be able to install a
20('s pump.

To make deep drilling a practical reality the fea-
sibility of using rotary tricone bits must be tested
The development of hydraulic percussion drill bits
must be stimulated,

Nece condition 3: Managing
the aquifer

To develop a proper management regime for a TMG
Aquifer will require an understanding of both to what
depth does groundwater occur and what the likely
storage conditions are. The depth of flow I8 needed
in order to understand at what depths groundwalter
can be accessed from. The storage 1s needed so that
one can understand that if one were to pump from
these depihs, then what would be rate of lowering of
the water-levels in the wellfield. If there is a high
storativity, then this can be used o advantage for
the Summer Overdrall management scenario as
described by Rosewarne (this group of papers) and
also to buffer periods of lower than normal winter
rainfall.

The TMG sandstone is reputed 1o have virtually
no primary porosity (H, Theron. pers. comm. 2001,
and De Beer, 2001), Porosity s secondary and Is a
Tunction of weathering and of fractures, joints and
other openings (hydrogeologically speaking. the TMG
could be termed a quartzite and not a sandstone, as
for a sandstone one visualises some primary poros
ity). There is some limited storage in the weathered
zone and in arcas where transported sands are
thicker, but this is Hmited to a thin skin. Another
feature which has high storage potential if proved to
be arcally extensive, is the development of karst en-
vironment. Tradittonally assoctated with himestone
and dolomite the concept of karst in quartzite may
scem rather left-field to traditional hydrogeologists.
However there are a number of observations that give
glimpses into the tantalising possibility of a zone of
very high and unexpected storage potential. Wynberg
Cave on Table Mountain and Ronans Cave above
Kalk Bay are well-known examples of pseudo-karst
caves in the TMG. Another example is from the
Keerom Dam in the Nuy Valley, about 25 kms NNE
of Worcester. Aller excavating about 13 metres into
the sidewall of the valley for keying in the dam- wall,
a vold 1.5m high and about 6m square was exposed
and which showed evidence of water erosion (Falla
in Brink. 1951). This cave was about 15 metres above
stream level. At Sanddrift Dam, which is 6 ki NW of
the Hex River Valley, a similar cave was encountered
when digging the foundations for that dam. This
cavern was lined with manganese, which s an
indicator of groundwater flow (pers comm. H Theron,
2001

Most of the lolding in the Cape Fold Belt was
characterised by brittle folding. The sandstone was
cemented and thus the rocks did not fail by slip, but
by brittle fatlure. These openings are unlikely to be
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filled (by precipitation of minerals from over-
saturated solutions) as groundwater in the TMG 1s
undersaturated.  Silica 1s the only exception and
stlica does not readily precipitate, thus openings
once formed will not be filled by mineralisation. At
the discharge zone, when conditions are suftable
and when exposed 1o the atunosphere, iron and man
ganese will oxidise and precipitate.  This however
15 not expected to occur in the subagueous envi
ronment.

Rocks such as dolomite and granite, under nor-
mal temperatures and pressures will tend o undergo
plastic flow, and at depths greater than 200 o 300
m fractures will tend to close. Quartzite however is
competent and even al great depths fractures will
tend to remain open.

Deep flow of groundwater has been regularly
measured and is accepted as a feature of TMG. From
the above discussion open fractures to great depths
are possible. and groundwater from the fractures
have the character of deep flow. The remaining ques-
thon is what Is the storage capacity of the TMG.

Shallow TMG certainly has a high storage capac-
ity. A specific vield of 107 for the upper 200 m Is
quite feasible. If the pseudokarst terrain is wide-
spread this would be even higher, closer to 10 °. More
detatled discussion is presented in Weaver and Talma
(2000). For the lower zone storage is probably lower
because of the lack of weathering, A storativity value
of 107 can be considered a reasonable estimate for
the deeper zone. See tables in paper 2 of 3 above.

A question regarding vield potential for the T™™MG
is “"what Is the potential yiekd away from zones of
fracturing and faulting?”™ Water-supply projects tend
to be located in zones where fracturing and faulting
are prominent features and it is from these projects
that most knowledge Is gained about storage. It Is
not common practice to deliberately drill boreholes
away from target arcas, and thus knowledge of stor-
age In unfractured areas of the TMG is minimal. An
example of drilling carried out away from fractures
15 the Agter-Witzenberg project (Weaver et al, 1999),
Drilling was done on a geological cross-section de
Liberately chosen where no lineaments could be seen
on ar-photographs. All the boschioles el were doidied
viclded water, the highest yvield being ~25 £/s. These
vields are probably related to bedding plane slip and
fracturing resulting from competence differences
between the shales and quartzites during lormation
of the syncline in which the valley is situated. In a
geological environment similar to the TMG. namely
the Windhoek aquifer. Murray (pers com) has
deliberately drilled boreholes some distance from
production borcholes drilled on prominent linca
ments. These boreholes have been drilled to test
hydraulic conductivity and storativity away from the
fracture zones for a research project on artificial re-
charge in fractured rocks. The experiments are still
underway.,

The consideration of deep Mow and storage Is nec-
essary because the storage capacity will influence
both the management options as well as the poten-

tal for increasing recharge. The management op-
tion for the TMG Aquiter is that of conjunctive use.
Thus for an average summer overpumping will de

liberately be allowed to occur and the water table
will be lowered hundreds of metres, and full recov-
ery will occur in winter. This has been proposed in
the past and i1s also proposed in this volume. The
second consideration is that this method makes
space avallable for recharge water, At present most
ol the recharged rain merely daylights lower down
the mountain as ephemeral springs and does not
actually recharge the aquifer. probably because the
aquifer is already full and there is no space for fur-
ther recharge water. This method is proposed mainly
for the Peninsula Formation for two reasons, In or-
der to be able to lower the water table by a hundred
metres or more the pumping borchole needs (o in-
tersect high vielding fractures at depths of 200 to
J00 m or more. This condition of open fractures at
depth is more likely to be encountered in the Pe

ninsula Formation because the ortho-quartzites are
relatively more competent than the felspathic
sandstones of the Nardouw Formation. The second
condition favouring the Peninsula Formation for this
management scenario is that the Peninsula is rela-
tively free of dissolved iron in the groundwater, High
Iron levels are commonly encountered in the
Nardouw. for example the high-iron groundwater
boreholes supplying the Klein Karoo Rural Water
Supply Scheme on which some research has been
done (Jolly and Engelbrecht, 2001). When high-iron
groundwater is pumped there s a danger that the
boreholes can become clogged by tron precipitating
in the fractures when cascading water increases
dissolved oxvgen and converting the soluble ferrous
iron to insoluble ferric iron. In contrast the four
pumping boreholes of the Klein Karoo Scheme,
which are in the Peninsula Formation, have no iron
present (Weaver and Talma 1999) and thus do not
have a borehole clogging threat.

In order 1o develop proper aquifer management
scenarios the determination of storage capacity of
the TMG needs addittional research, The research
needs o be directed towards the four zones of ex
pected differing storage character, namely the up
per weathered zone, the lower zone, fracture zones
and zones where no obvious fracturing oceurs. Also,
the proposed method of lowering water levels by a
few hundred metres during the summer peak water
demand pertod and allowing water levels to recover
during the high rainfall and low water demand win-
ter period, needs careful investigation before imple
mentation.

Neces condition 4 : Restriction
on exploitation

The main challenge that needs (o be overcome be
fore implementing large scale exploitation of the TMG,
Is the effect that this will have on the fynbos blome
and the mountain environment. The arecas of
particular concern are high altitude marshes, low
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Table 2
o
Annual sustainable yield in ?m

percentage and annual rainfall

Annual Annual sustamable yield (recharge) per
nhilm km’ at varying recharge percentages (m’)
15% 20 30° 40
recharge | recharge | recharge | recharge
400 80 000 80000 | 120000 180 000
800 20000 | 120000 | 180000 240 000
800 120000 | 160000 | 240000 320 000
1000 150000 | 200000 | 300000 400 000
Yield potential -T')“’ kilometre of
per square
accessible qﬂ as a function of
saturated thickness of the and
storativity of the
Pumpable Storativity
saturated
thickness | 10° 5x10° 10° Sx10*
of the
aquiter (m)
400 a0 200 | 04x10* | 02«00
500 100 | 25x100 | oS00 | 0.25x100
800 10 a0 | 060t | 0230
BOO axi0r @10 08x10* 0.4x10"

altitude wetlands and the flora and fauna associ
ated with these wetlands, Cape Nature Conserva-
tion have adopted the precautionary principle and
will not support the development of a bulk water
supply project developed in the TMG unless it can
be shown that there will be no negative impact on
the fynbos.

Potential

The preceding four chapters have described the four
necessary conditions, but the question that remains
unanswered Is "How much water can a TMG catch-
ment yield on a sustainable basis™ To properly an
swer such a question to a reasonahble degree ol ac-
curacy will require an intensive hyvdrogeological in-
vestigation. However, the following two exercises can
be done to obtain a first order estimate of the amount
of water available.

Annual sustainable yield
As discussed carlier, this is dependent on the per

centage recharge to the aguiler and the amount of
rain falling in the recharge area. Firstly. define the

recharge arca. The suggested method is to deline-
ate the catchment boundaries and measure the area
of the catchment which has Peninsula Formation
and Nardouw Formation exposed at surface. De
termine the rainfall for these recharge arcas. Make
an estimate of the expected recharge percentage
which could be expected to occur in the catchment,
Using the annual rainfall and expected recharge per
centage as the two varfables, the following table
shows the annual sustainable yield in cubic metres
that is potentially available from the catchment per
square kilometre of TMG outcrop. Having obtained
the recharge (in m’/a) that occurs per square kilo-
metre of TMG outcrop. multiply this by the area of
outcrop of the recharge zone and the result is a
rough estimate of the annual sustainable vield of
the catchment under consideration.

The recharge percentages used in Table 2 range
from conservative (15 and 20%) to optimistic (40%).
The rainfall is realistic, however on the high moun-
tains higher rainfall will be experienced. This table
serves o demonstrate the range of sustainable vield
that can be potentially obtainable for the TMG.

Weaver and Talma (2000) used this method to
estimate the annual yvield of water available 10 the
Clity of Cape Town within a radius of 200 km from
Cape Town. The arca of TMG outcrop was measured
using GIS and, allowing a 1km buffer for the area of
TMG sandstone dipping under the Bokkeveld, the
exploitable area (only the outcrop area), is 13 200
km?. Using a 33% recharge rate (realistic to optimis
tie) and G600 mm rain per annum (conservative), the
potential recharge is 2 600 million cubic metres. The
current annual consumption of water by Cape Town
is 500 millon cubse metres. Even if a recharge rate
of 15% Is used it is fairly obvious that the TMG has
the potential 1o satisly fulure increase of water
demand for Cape Town.

Yield potential

As discussed earlier. the yield potential is depend
ant on the storativity of the rock formation and the
depth that the volume of rock mass that can be uti
lised. To obtain the yield potential of a catchment,
similar to the previous exercise. calculate the area
in square kilometers of the agquifer that is potentially
exploitable. The result should be slightly more than
the area calculated for the recharge area, as deep
boreholes will be able 1o access portions of the aguifer
Iying below the shales of both the Cederberg
Formation and the Bokkeveld Formation. Using the
two vartables “pumpable saturated thickness of the
aquifer” and "storativity of the aquifer”, from the ta-
ble below calculate the groundwater vield potential
per square kilometre of accessible agquifer.

This table serves to show the potential of the TMG
il deep pumping boreholes can be drilled. This
amount of water in stored in the aquifer will provide
an excellent buffer if used to summer overpump the
aquifer and winter recharge. A storativity of 107 1s
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regarded as optimistic, while 107 s conservative,
Borchole depths or pumpable saturated thickness,
will be dependant on the ability (o develop methods
of drilling deep boreholes.

Weaver and Talma (20000 used this method to
estimate the amount of water in storage in the TMG
within a radius of 200 km of the oity of Cape Town,
The area of potential exploitation is 13 200 km-”.
Taking a storativity of 10 “and an average pumpable
saturated aguifer thickness of 500 m. they calcu-
lated the groundwater yvield potential to be 66 000
million m".

When these borcholes are drilled in the future,
the amount of avallable water In storage may be
higher than estimated by the above method. This
method has assumed a horizontal land surface. In
practice most TMG production boreholes will be
drilled at access points into the mountains, which
will tend to be in ravines or lower lying areas. Thus,
where there are areas at higher altitudes than the
borehole, and because the water-table tends to fol-
low the surface topography. more water in storage
will be accessible.

Future research needs

The four priority areas for further rescarch that are
identified are:

. Recharge.

Storativity,

Ecological dependencies on groundwater which

may inhibit exploitation of groundwater from

the TMG.

. The influence that structural geology has on de-
termining vields of individual boreholes and also
on wellfields. Included in this tople could be
the influence that lithology has on vields from
the Nardouw Formation versus the Peninsula
Formation
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Hydrogeological Research Needs and Priorities
for the Table Mountain Group Aquifer Systems

K Pietersen’ and R Parsons?
Water Research Commission, PO Box 820, Pretorta OO0 1, South Afnca
Y Parsons and Assoctates, PO Box 2606, Somerset West 7129, South Africa

Abstract

This paper outlines hydrogeological research needs and priorities for the Table Mountain Group
aquifer system. These needs and priorities were dentified during the preparation of this volume
and during a workshop arttended by contributing authors. The following aspects were identified
and are presented inanorder of importance a) environmenial and ecological inpacts of grounduwater
abstraction (b recharge () low conceptualisation (d) storage (e) exploitabitity (1) tools and technologies
(g) water guality (T economics and (U management plans. Based on the owtcome of the workshop, a
research programme s being destigned to ensure current timitations in our understanding of the
Table Mountatn Group Aquifer systems can be addressed,

Introduction

The Water Research Commission (WRC) initiated
a project during 2000 to synthesize current
knowledge of Table Mountain Group (TMG) aquifer
system. The project relied on the knowledge and
experience ol hydrogeologists lamiliar with TMG
aquifers and resulted In a document entitled
“Hydrogeology of TMG Aquifers” (this volume), A
series of technical issues and case studies were
identified and authors were invited to submit
written contributions. This volume hence repre-
sents a status guo of our current understanding of
the TMG aquifer system. To realise the full potential
of this source of water, many uncertainties and
barriers have to he overcome. These include

. A deficient understanding of the occurrence,
attributes and dynamics of TMG aquifer
systems

. A lack of understanding of the environmental
impacts of groundwater exploitation

. Uncertainties about how best to manage the
resource within a multi-objective enviromment.,

Appropriate research of a multi-disciplinary nature
s required 1o find answers (o the many questions
relating to the water resource potential of TMG
aquifers and the optimal management and
protection of these aquifers, The research also
needs to facilitate implementation ol integrated
water resource management in the region.  This
paper outlines the need for an appropriate research
programme on the occurrence, attributes and
dynamics of groundwater systems in the TMG

Priority issues
Identification of issues

A number of research Issues were identified during
the preparation of contributions for this volume.
These, and other 1ssues, were discussed at a
workshop to determine research priorities for the
TMG aquifer system held on 3 April 2001 in Gordons
Bay (Wroe-Street. 2001). Major role players involved
in the research, exploration, development and
management of TMG aquifer systems attended the
workshop (Appendix 1), The following research
Issues and needs were identified for investigation
(in order of priority):

. Environmental and ecological impacts of

groundwater abstraction

Determination of recharge

Conceptualisation of different flow paths

Storage capacity of the TMG aquifer system

Exploitation potential of TMG aquifers

Tools and technologies required to develop and

manage the TMG aquifer system

Water quality impacts

. The comparative costs of exploiting TMG
aquifers

. Integration of knowledge Into management
plans for TMG aquifers.

It was agreed the first four Issues require priority
attention.  As most of the other priority Issues are
to some extent dependant on the outcome of
research into the first four issues, only the priority
Issues are addressed below.
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Environmental impact of abstraction

Promulgation of the National Water Act (Act 36 of
1998) and the National Environmental Management
Act (Act 107 of 1988) has highlighted the need 1o
understand and consider the impacts of groundwater
abstraction on the surrounding environment. This
is an Issue being addressed throughout the world,
with South Africa being no exception.  One ol the
problems in this country is that no documented and
scientifically evaluated case studies exist where
groundwater abstraction has been shown to impact
the surrounding environment. The WRC s currently
funding two related research projects:

. The impact of groundwater abstraction on the
ccology of the Kammanassie Mountains
. Dependence of vegetation on groundwater,

The impact of groundwater abstraction from TMG
aquilers on fynbos s also currently a topic of heated
debated.  Until such time all parties are properly
informed regarding groundwater dependence and
impacts of abstraction, this debate Is likely to
continue.  Proper investigation of these issues is
hence urgently required.  From this, tools and
procedures need to be developed for mapping
groundwater-dependent ccosystems and sensitive
environments,

Recharge

Recharge I1s a key consideration in any groundwater
resource assessment. It s thereflore surprising that
no proper assessment of recharge of TMG aquifer
systems has been undertaken.  Currently practi
tloners base their assessments of recharge on
historie rule-of-thumb approaches supported by
some recent short-term studies.  Sound rescarch
Is required to factlitate a better understanding of
recharge processes and the quantification thereof,
Specilic tools for measuring or estimating recharge
of TMG aquifer systems are also required.

Flow conceptualisation

Conceptualisation of the different flow paths in TMG
aquifers was ranked as the third most important
area of research.  Improved understanding of this
topic will require the following aspects be addressed:

. Possible differences in How dynamics and paths
in specific geographical areas and geological
domains

. Interactons between surface and groundwater

Use chemical tracers and geothermometers 1o
trace groundwater flow.

The notion of deep groundwater fow in the TMG
igreater than 200 m) is also being debated by the
hydrogeological community.  To date, little proper
investigation of this phenomenon has been

Initlated. Because of the perceived advantage of
developing deeper groundwater resources, the
Investigation of deep groundwater in the TMG aquifer
system also needs to be specifically addressed.

Storage

The fourth priority area of research entified was
an improved understanding of storage in these
fractured hard-rock aquifer systems. Consensus
was that our understanding and quantification of
storage Is limited.  In addition to improving our
understanding of how much storage capacity exists
in TMG aquifers, verification of existing theories
and knowledge regarding storage capacity in relation
1o the position and depth of various TMG formations
Is required. Methods of quantifying storage are also
required.

Programme implementation

The WRC recognises the need to implement an
appropriate rescarch programme (o improve current
knowledge of TMG aquifer systems. Such a
programme 18 to be in keeping with WRC principles
of research funding, including:

. The rescarch Is to be demand-driven and
should address specific problems
. The rescarch should lead to human resource

development and strengthening of insti-
tutional capacity to undertake water rescarch
. Promotion of inter-disciplinary and inter
institutional research and collaboration
. Involvement of stakeholders to maintain focus
and gain acceptance and application of research
products

Given the identilied research priorities and needs
related to the TMG aquifer system. the following
overall objectives for a TMG aquifer system research
programme have been developed

. Develop an understanding of the occurrence,
atiributes and dynamics of TMG aquifer

systems

. Develop of understanding of environmental
Impacts of exploitation from TMG aquifer
systems

. Integration of groundwater into the broader
water management framework (multi-objective
analysis).

It is envisaged four subprogrammes will be
implemented, with cach focussing research on a
priority issue related o the TMG aguifer system.
The start of cach each subprogramme will be phased
o accommodate WRC budger contraints.  The first
subprogramme will address ecological and environ
mental impacts of large-scale groundwater
abstraction from TMG aquifer systems, The
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programme is expected 1o start in 2002 and will last
about 4 years

Conclusion

The TMG aquifer system has the potential to be a
stgnificant source of water. Though the aguifer
system Is used to some extent, a number of aspects
relating to the aquifer system are poorly understood
and unquantified. A number ol arcas of rescarch
have been identified which require priority attention
These include the ecological and environmental
impacts of groundwater abstraction, recharge,
groundwater flow and the conceptualisation thereofl
and storage. The WRC plans to implement a
rescarch programme to research these issues. The
first subprogramme will address the ecological and
environmental impacts of groundwater abstraction
and is expected to start in 2002, The remaining TMG
aquifer system research subprogrammes will be
scheduled according to WRC budgetl constraints.,
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